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1. INTRODUCTION 


By reason of its remarkable physical properties, diamond stands out uniquely 
as the crystal which shows us the way to a correct understanding of the 
fundamental aspects of the physics of the solid state. The atomic vibrations 
in crystals, the theory of their specific heats and their spectroscopic behaviour 
may be mentioned in this connection. These topics formed the subject of 
recent memoirs published in these Proceedings, and the experimental results 
obtained with diamond figured very prominently in them. The present 
communication deals with the X-ray diffraction effects exhibited by diamond 
and considers them both from the theoretical and experimental standpoints. 
It emerges that diamond has a great deal to teach us regarding the funda- 
mental aspects of the subject of X-ray crystallography and indeed compels us 
to approach the subject from new points of view. 


The present investigation stems from a report from the author’s labo- 
ratory published in the year 1940 under the title “A New X-Ray Effect ” 
(Current Science, 1940, 9, 165-67). That report recorded the discovery 
of the very striking and indeed surprising features which reveal themselves 
in strongly exposed X-ray diffraction patterns of diamond. It was very clear 
that the phenomena stood outside the framework of the classical theory of 
X-ray diffraction. It was accordingly suggested that they had their origin 
in the quantum-mechanical excitation of the atomic vibrations in diamond 
by the monochromatic X-ray beam traversing it, the X-rays being themselves 
reflected as a result of such excitation with a change of frequency. It was 
explained in the report why it was possible for reflections of this nature to be 
observed even when the setting of the crystal was different from that ordi- 
narily required for a reflection of the X-rays by the same lattice planes. 


The instrumental equipment available for the research at that time was, 
unfortunately, not of sufficient power to enable the subject to be explored 
with any degree of completeness. The investigation had accordingly to be 
laid aside and the circumstances in which the author found himself did not, 
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for many years, permit of its being resumed. Happily, however, it has now 
been possible to take up the work once again, not only with new and more 
powerful instrumental aid, but also with fresh theoretical ideas derived from 
the work of the author in the related fields referred to earlier in this introduc. 
tion. The results are now laid before the reader. 


Part I of the paper considers the theory of X-ray diffraction by crystals 
in general from a fundamentally new standpoint. Part II considers the 
application of the theory to the particular case of diamond. Part III presents 
the results of a detailed experimental investigation of the case. 


2. THE STRUCTURE OF CRYSTALS 


The conventional view of a crystal as an assembly of atoms arranged 
in a regular three-dimensional array in space is neither useful nor enlightening 
when we seek to obtain an insight into the behaviour of crystals when tra- 
versed by radiation in the different ranges of frequency. It is necessary 
indeed to lay aside that view and regard a crystal as a system composed of 
two kinds of charged particles, namely the nucleii and the electrons, their 
relative numbers being determined by the magnitudes of their charges, 
Diamond, for example, is an assembly of carbon nuclei and of electrons, 
the latter being six times as numerous as the former. 


The atomic nuclei have enormously larger masses than the electrons 
and it is this circumstance that determines the manner in which the two sets 
of particles arrange themselves in space. According to the fundamental 
notions of the quantum theory, it is not meaningful to regard the electrons 
as located at any specifiable points in space, while on the other hand, it is 
permissible to do so in respect of the nuclei. The Coulomb forces exerted 
by the nuclei on the electrons tend to draw the latter together and hold them 
in dynamic equilibrium. Accordingly, what may be described as a cloud of 
negative charge gathers round each nucleus. But when we raise the question 
as to what determines the position of the nuclei in space, the answer, remark- 
ably enough, is to be found in these very clouds of negative charge which each 
nucleus gathers around itself. Indeed, it is the electrons which determine 
the location and ordering in space of the nuclei. Accordingly, it would be 
appropriate to describe a crystal as consisting of two distinct assemblies, 
namely an assembly of nuclei whose positions it is possible to specify with 
some measure of precision, and an assembly of electrons. It is the inter- 
action of these two assemblies with each other that determines the architec- 
ture of the crystal and its physical behaviour. This view of crystal structure 
will be found most illuminating when we proceed to consider the pheno- 
mena resulting from the passage of radiation through the crystal. 
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3. THE RESPONSE OF CRYSTALS TO RADIATION 


The tremendous disparity in the masses of the nuclei and of the electrons 
justifies us in ignoring any movement of the atomic nuclei which results 
directly from the action of the electric field of the radiation on the charges 
carried by the nuclei. What we need consider in every case is the effect 
of the radiation field on the electronic clouds. But since these are held in 
place by their interactions with the atomic nuceli, the latter would also tend 
to be disturbed when the electronic clouds are set in motion by the field. 
These considerations are valid irrespective of the individual features of the 
crystal structure and of the frequency or wavelength of the incident radiation. 
But since the response of the electrons to the field of the incident radiation 
would depend on these latter factors, the nature and extent of the movements 
of the atomic nuclei consequent thereon would also be influenced by those 
factors. 


We may illustrate the foregoing remarks by considering first the cases 
in which the frequency of radiation lies in the infra-red range. Viewing the 
matter classically, the effect of the radiation on the electronic clouds in this 
case would be to produce periodic displacements to and fro of the electronic 
clouds with the same frequency. These displacements would, however, be 
limited by the binding of the electrons to the nuclei. Even when the fre- 
quency of the incident radiation coincides with a natural frequency of vibra- 
tion of the atomic nuclei about their positions of equilibrium, it would not 
necessarily follow that such vibration is excited by the field. Indeed, it is 
well known that in many cases, the field does not excite the vibrations, in 
other words, the vibrations are not active in the absorption of the infra-red 
radiation. In order that any given mode of vibration should be excited by 
the incident radiation field and thereby rendered infra-red active, it is neces- 
sary that a certain lack of symmetry in the structure of the crystal or of the 
particular mode of vibration results in the movements of the nuclei being 
accompanied by a periodic displacement to and fro of the electronic clouds 
which hold the nuclei together. The selection rules which define the condi- 
tions under which any particular mode of vibration is active in the absorption 
of infra-red radiation are, indeed, based on considerations of this nature. 
That they are in agreement with experience demonstrates the validity of 
the present approach to the subject. 


Coming now to the case of visible light, the response of the crystal to 
the field of the incident radiation would be determined by the relation between 
the frequencies of the incident radiation and the characteristic frequencies of 
vibration of the electronic clouds. Further, since the frequency of the radiation 
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is much higher than the natural frequencies of vibration of the nuclei, 
the possibility of the incident radiation exciting the latter in the manner con- 
sidered in the preceding paragraph would not arise at all. There are however 
possibilities of the nuclear vibrations being excited by the electronic move- 
ments in a different way. Considering those electrons which hold together 
the different nuclei and thus form part of the architecture of the crystal, it 
is evident that any approach or recession of such nuclei from each other 
would influence the characteristic frequencies of the electronic clouds attached 
to them. This is equivalent to stating that the response of the electronic 
clouds to the field of the incident light would be modified or modulated by 
the natural frequencies of the nuclear vibrations. That such an effect actually 
arises is demonstrated by the fact that when monochromatic light traverses 
a crystal, and the light diffused in its interior is spectroscopically examined, 
monochromatic radiations are observed in it whose frequencies differ from 
that of incident light by amounts equal to the characteristic infra-red vibra- 
tion frequencies. Whether or not any particular mode of vibration of the 
nuclei thus reveals itself is determined by the circumstances of the case. The 
selection rules which express these circumstances are naturally different from 
those that determine the activity in infra-red absorption. 


The frequency of X-radiation is very much higher than that of either 
visible light or of infra-red waves, and the phenomena arising from their 
passage through crystals would naturally be determined by the high fre- 
quencies and correspondingly short wavelengths of the rays. We have, in 
the first instance, to consider the effect of the radiation field on the electronic 
clouds. But it is not possible to ignore the fact that the electronic clouds 
are held in their places by the atomic nuclei and that, consequently, not only 
the electronic clouds but also the atomic nuclei would tend to be disturbed 
by the X-radiation. There is every reason therefore to expect that the effects 
arising from such disturbance of the nuclei would manifest themselves in 
the X-ray diffraction patterns of the crystal. 


The foregoing represents the general point of view which will be deve- 
loped and discussed in greater detail in the present series of papers. Its 
consequences will also be compared with the facts of observation. We shall 
find that it receives the clearest possible support in the phenomena exhibited 
by diamond in its X-ray diffraction patterns. 


4. X-RAYS AND CRYSTALS 


The observational basis of X-ray crystallography is the selective reflec- 
tion of X-rays by the atomic layers in a crystal at angles of incidence deter- 
mined by the wavelength of X-rays and the spacing of the layers. The phe- 
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nomenon is clearly analogous to the familiar effect of iridescence exhibited 
by regularly stratified media on which visible light is incident. Hence it is 
quite natural to explain the phenomena of X-ray diffraction by crystals on 
similar lines. We assume the crystal to be a material of which the optical 
polarisability for X-ray frequencies exhibits space-periodic variations in three 
dimensions. A determination of the settings of the crystal at which the X-ray 
reflections for a known wavelength are observed enables us to determine 
the spacings of the stratifications in various directions as also their relative 
orientations. A comparative study of the intensities of the various reflec- 
tions enables us to go further and obtain a measure of the magnitude of the 
periodic variations of the polarisability for X-ray frequencies appearing in 
each set of stratifications. The entire procedure is phenomenological in 
character. In endeavouring to deduce from the experimental results a pic- 
ture of the ultimate structure of the crystal, various difficulties arise which 
we shall not discuss here. What we are actually concerned with is the mean- 
ing of the phrase “ Polarisability for X-Ray Frequencies ” employed above in 
terms of the ultimate structure of the crystal. 


In classical optics, where we are concerned with the behaviour of media 
which can be regarded as continuous, the term polarisability has a simple 
and definable meaning, namely, the strength of the electric dipole per unit of 
volume induced by an external electric field of unit strength. Difficulties 
arise when we endeavour to take over this description into the region of high 
frequencies and short wavelengths. These difficulties are of two kinds. 
Firstly, the medium can no longer be regarded as a continuous and structure- 
less substance, since it actually consists of a set of discrete particles arranged 
in layers. The second difficulty is that these particles are not all similar and 
similarly circumstanced. In particular, the nuclei and the electrons have 
very different masses and are oppositely charged; the interactions between 
them enter fundamentally into the problem of determining the response of 
the medium to the field of the incident radiation. 


A way of escape from the difficulties indicated above may be sought 
for by regarding the recognisable units in the structure as “ diffracting 
particles” in the sense of classical optics. We find however that such a pro- 
cedure is not sustainable. For example, the individual electrons in the 
crystal cannot be assigned the role of “ diffracting units”. For, as already 
remarked, an electron does not possess any precisely definable location in 
space and hence the phase of any radiation that it could diffract would be 
indeterminate. An even more fundamental difficulty is that if an individual 
electron does interact with X-rays, the result is a secondary radiation of 
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altered wavelength, in other words the Compton type of scattering. The 
alternative approach of regarding the individual atoms in the crystal as the 
‘ diffracting units’ is also not sustainable. For, in any actual crystal, the 
atoms are held in their places by the electrons which link them together and 
these electrons cannot therefore be regarded as the exclusive possession of 
any particular atom. Taking for instance the case of diamond, only two out 
of every six electrons can with any measure of justification be considered as 
attached to an individual carbon nucleus. The remaining four electrons 
enter into the architecture of the crystal and hence must be considered as held 
in common with other atoms. 


In view of the situation stated above, it is clear that the only logically 
sustainable approach to the subject of X-ray diffraction is that which proceeds 
on the following basis: te X-ray reflections by a crystal are a co-operative 
effort of the entire structure, meaning thereby all the nuclei and all the electrons 
included in it. 


5. THE ENERGY LEVELS OF CRYSTALS 


The present approach to X-ray diffraction problems differs from that 
customarily adopted in two respects. In the first place we recognize that 
the atomic nuclei have a part to play in the phenomena since on the one 
hand, they hold the electrons in place and on the other hand are themselves 
held in place by the electrons. Further, what we shall actually concern our- 
selves with is not the behaviour of the individual electrons or of the individual 
atoms in the crystal, but the behaviour of the two assemblies consisting of 
nuclei and of electrons respectively constituting the crystal when it is 
traversed by the X-radiation. This approach brings the phenomena of X-ray 
diffraction into the closest relationship with the behaviour of crystals when 
traversed by ultra-violet, visible or infra-red radiation. In all such cases we 
are concerned with the changes in the energy levels of a crystal which are or 
could be induced by the radiations traversing it. As we have two sets of 
particles which differ greatly in their masses, the possible changes in the energy 
levels are of two kinds which in the usual language of spectroscopy may 
be described as changes in the electronic levels and the vibrational levels 
respectively. The simplest cases are those in which there is no change in 
either the electronic or vibrational energy states of the crystal when traversed 
by radiation. This would correspond to a simple undisturbed transmission 
of the radiation through the crystal in the case of visible or ultra-violet light. 
In the case of X-radiation, however, the stratifications of optical polarisability 
in the structure of the crystal can in appropriate circumstances result in geo- 
metric reflections of X-rays in various directions. In the language of the 
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quantum theory, such reflections would be described as the result of an 
exchange of momentum without an exchange of energy between the radiation 
and the crystal. Still another possibility has to be recognised, namely, that 
while the initial and final e/ectronic energy states are the same, the radiation 
induces a change in the vibrational energy level which persists. When and in 
what circumstances such a process can occur as the result of the passage of 
X-radiation, and what would be the observable results of such a process 
are the questions which we shall proceed to consider. 


The answers to the questions raised above emerge when we consider the 
effects observed respectively when a crystal is traversed by radiation in the 
infra-red and in the visible regions of the spectrum. In the former case we 
are concerned with an actual absorption of the radiation. In the latter case 
we have a simple transmission accompanied by a diffusion or scattering with 
shifts of frequency indicating that changes in the vibrational energy levels 
have been induced by the incident light. It should not be imagined that 
each and every characteristic mode of vibration can manifest itself in the 
infra-red absorption spectrum and in the scattering of light as a frequency 
shift. This is very far indeed from being the case. Whether a particular 
mode of vibration does or does not so manifest itself is determined by certain 
selection rules which are different for infra-red absorption and for light- 
scattering. Why this is so becomes clear when the mechanisms respectively 
of infra-red absorption and of the scattering of light with change of frequency 
are examined. The latter effect is explained as arising from the variations 
of the optical polarisability of the crystal for visible light which accompany 
changes in its infra-red energy levels. On the other hand, infra-red absorp- 
tion arises from the displacements of electric charge produced by the incident 
radiation. The question arises whether effects of the same nature can be 
induced by X-radiation. It is obvious that any change in the optical polarisa- 
bility for X-rays produced by the changes in the infra-red energy levels of the 
crystal would, in view of the very high frequencies of X-radiation, be entirely 
negligible. On the other hand, the periodic displacements of electric charge 
associated with vibrational transitions which are active as absorbers of infra- 
red radiation necessarily involve periodic displacements of the stratifications 
of optical polarisability which give us the X-ray reflections by the crystal. 
It follows that when X-radiations traverse a crystal, they can induce changes in 
its vibrational energy levels, provided such changes involve displacements of 
electric charge—in other words, provided that the modes of vibration under 
reference are active as absorbers of infra-red radiation, 
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6. X-RAY REFLECTION WITH CHANGE OF FREQUENCY 


We have now to consider what would be the consequences of a change 
in the vibrational energy levels of crystals induced by X-rays in the circum- 
stances stated above. The question arises whether the observable result of 
such a process would be a diffusion of the X-rays in various directions or else 
a reflection similar to that ordinarily observed involving no exchange of 
erengy. Before this can be answered, we have to ask ourselves: What is the 
nature of the vibration spectrum of a crystal? This question has already 
been dealt with by the author in various recent publications and the same 
ground need not therefore be traversed here once again. As has been shown 
in the publications referred to, theory and experiment alike indicate that the 
vibration spectrum of a crystal containing p atomic nuclei in each unit cell 
consists of a set of (24 p — 3) monochromatic frequencies, accompanied by 
a residue representing the three omitted degrees of freedom which constitutes 
a continuous spectrum of low frequencies. Amongst the (24 p — 3) modes, 
in (3 p — 3) modes which are the only ones with which we are concerned in 
the present paper, the vibration repeats itself with identical frequency and 
amplitudes and phases in the successive cells of the crystal structure. It 
follows from this that the changes in the corresponding vibrational levels 
induced by the incident X-radiation would extend over the entire volume 
of the crystal traversed by the incident X-ray beam. As a consequence of 
this again, the X-rays would be regularly reflected by the stratifications of 
the crystal; such reflection involves a transfer of energy between the radia- 
tion and the crystal equal to the vibrational frequency multiplied by Planck’s . 
constant. Hence, the frequency of the reflected X-rays would differ from 
that of the incident X-ray beam by the frequency of the vibrational mode excited. 
As has been explained in the preceding section, such a process is only possible 
in respect of the modes of vibration which are active in the absorption of 
infra-red radiation. 


The result stated above has a classical analogue in the reflection of light 
by a stratified medium which is assumed to execute oscillations of small 
amplitude normal to its layers. (An oscillation parallel to the layers would 
obviously be without effect.) It can readily be shown that, the reflected wave 
of the original frequency A sin 27vt would be accompanied:-by two additional 
components which are respectively of diminished and increased frequency, 
viZ., 


7.A.d*/d.sin 20 (v — v*)t 
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and 


m.A.d*/d.sin 27 (v + v*) t 


d and d* are respectively the spacing of the stratifications and the amplitude 
of their oscillation, while v and v* are respectively the frequencies of the inci- 
dent radiation and of the oscillation of the stratifications. The equality 
of amplitude of the reflected waves of enhanced and diminished frequency is 
a natural consequence of our assuming the oscillations of the layers to subsist 
of themselves. In the quantum theory, on the other hand, the oscillations 
are induced by the incident radiation, and hence the two components would, 
in general, be of very different intensities; their ratio is determined by 
thermodynamic considerations and is expressible in terms of the Boltzmann 
factor e~hv*/kT, 


The classical analogy referred to above leads to some general inferences 
regarding the intensity of the X-ray reflections with altered frequency in rela- 
tion to the intensity of the X-ray reflections of unmodified frequency given by 
the same set of lattice planes. We notice in the first place that the two are 
proportional to each other. Hence, if one is absent, the other would also 
be absent. In other words, the so-called missing reflections familiar to the 
X-ray crystallographer would also fail to manifest themselves as dynamic 
reflections. Further, we could normally expect to observe the latter only 
as accompaniments of the stronger reflections of the ordinary kind. Their 
relative intensity is determined by the square of the ratio d*/d, where d* is 
the amplitude of oscillation of the stratifications and d is their spacing. 
Since d* is a measure of the displacement of electric charge which is respon- 
sible for the activity of the mode in the absorption of infra-red radiation, 
it follows, firstly, that inactive modes would not give rise to dynamic X-ray 
reflections, and secondly, that the greater the infra-red activity of a mode, 
the more intense would be the dynamic X-ray reflections associated with it. 


7. THE PHASE-WAVES OF DYNAMIC REFLECTION 


The possibility of X-radiation exciting one of the (3 p — 3) characteristic 
modes of nuclear vibration and being itself reflected in the process was 
deduced above on the assumption that the wavelength of the X-rays, the 
spacing of the stratifications, and the angle of incidence on them are related 
to each other in the same manner as that necessary for a reflection of the 
ordinary kind. In these circumstances, the excited vibration necessarily 
repeats itself with the same frequency and also with the same amplitudes and 
phases in every cell of the structure traversed by the X-rays. 
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For X-ray reflections with a change of frequency to be observable at 
Other settings of the crystal, it is necessary that the vibrations excited are 
everywhere similar, but that the phase of the excited vibration in the indi- 
vidual cells of the structure alters progressively through the crystal in such 
a manner that the vibrations excited in all the irradiated cells conspire to give 
a coherent reflection. The condition for this to be possible is most readily 
stated in the form of a diagram (Fig. 1 in the text). The lines marked ddd 
represent the traces on the plane of the paper of the stratifications in the 
crystal. The planes marked A A A similarly represent the traces on the 
plane of the paper of the phase-waves, in other words of the planes along 
which the internal vibrations of the crystal have identical phases. It is evi- 
dent from the figure that the planes marked DDD cutting across both of 
them would represent the stratifications which play the same role for the 
dynamic reflections that ddd play for the static ones. The relationship 
between the spacings D, d and { is given by the vectorial formula 

b.8. Ft 
m2 = (1) 


It needs to be explained why the situation indicated in Fig. 1 can arise 
consistently with the principles of dynamics and of the quantum theory. 
A vibration in which the frequency as well as the amplitudes and the phases 
are the same in every cell of the crystal structure is the only possible vibration 
having the characters of a normal mode. Since, however, the interatomic 
forces in crystals are essentially short-range forces, it is permissible to regard 
a crystal as made up of a great number of quasi-independent oscillators which 
have common modes and frequencies of vibration. Indeed, this is the 
approach which has necessarily to be adopted in developing the theory of 
the specific heats of crystals. It leaves out of account the small uncertainties 
in the frequency of vibration incidental to a limitation in size of the individual 
oscillators. In our present problem, therefore, it is permissible to consider 
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modes of internal vibration which are the same everywhere in the crystal but 
in which the phase of vibration in the individual cells alters progressively as 
we move through the crystal. If A is large enough compared with d, the 
vibration would be practically indistinguishable from the limiting case in 
which / is infinite. But as A is diminished, what we have in the crystal 
is not a normal mode but a forced oscillation of which the frequency is differ- 
ent, the more so, the smaller A is. In other words, a dynamic reflection in 
these circumstances results from a forced oscillation excited by the X-rays 
with a frequency differing slightly from that of the free oscillations of the 
structure. Hence, using the language of the quantum theory, we may infer 
that the probability of such an event happening would diminish rapidly as 
A becomes smaller. In consequence, we would find that the dynamic reflec- 
tion has the maximum intensity when the setting of the crystal is that at 
which the ordinary reflections also appear; the intensity would fall off 
rapidly as the crystal is moved away from that setting in either direction. 


8. THE GEOMETRIC LAW OF DYNAMIC REFLECTION 


The construction shown in Fig. | enables us to deduce some general 
results regarding the geometric behaviour of the dynamic reflections. If 
the phase wavelength / is infinite, the dynamic stratifications D D D would 
coincide with the static layers ddd. Hence, if the X-rays are incident on the 
latter at the correct angle for a regular reflection of the ordinary kind, the 
dynamic reflection would also appear in the same direction superposed on 
it. In the general case, the direction in which the reflection would appear 
would be determined by the orientation and the magnitude of the phase- 
vector. If both of these quantities can vary arbitrarily, then nothing in the 
nature of a regular reflection would be possible. If, however, the orientation 
of the phase-vector is precisely defined, a monochromatic X-ray beam inci- 
dent at a precisely defined angle on the lattice planes of a crystal can result 
in a dynamic reflection also appearing in a precisely defined direction; but 
unlike the static reflection in similar circumstances, it would be observable 
over a wide range of settings of the crystal. The plane of reflection would 
naturally be the plane of incidence of the X-rays on the dynamic stratifica- 
tions and the angles of incidence and of reflection with respect to them would 
also be equal. 


Figure 2 exhibits the geometric laws of dynamic reflection of X-rays 
in a readily comprehensible fashion. The directions of the vectors /d, 1/D, 


> 


1/A are represented by points on the surface of a sphere, the X-ray beam 
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being assumed to traverse the crystal along the polar axis of the sphere. 
Three meridional circles have been drawn on the sphere passing respectively 
through those three points. The first circle is evidently the plane of incidence 


Z 
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Fic, 2 


of the X-rays on the lattice layers whose spacing is d. The second is the 
plane of incidence of the X-rays on the dynamic stratifications. The third 


circle is the plane containing the incident X-rays and the normal to the phase- 


o> > 
waves. From equation (1) connecting the three vectors 1/d, 1/D and 7A, 


it follows that the point representing 1/D on our sphere would lie on a great 
> _ 


circle drawn through 1/d and 1/A, its actual position on that circle being 
determined by the relative values of d and A. If @ be the glancing angle of 
incidence of the X-rays on the lattice layers of the crystal, a reflection would 
appear in a direction making an angle 26 with the polar axis of the sphere 
on the first meridional circle, provided the condition 2d sin 6 = A is satis- 
fied. This would correspond to the case in which the phase wavelength / 
is infinite. In the actual case to which the figure refers, the dynamic reflection 
would appear in a direction making an angle 2; with the polar axis of the 
sphere, % being the glancing angle of the incident X-rays on the dynamic 
stratifications. It is here assumed that the condition 2 D sin % = d is satis- 
fied. The figure indicates that the dynamic reflection deviates from the direc- 
tion in which it would appear for an infinite phase wavelength, both alon 
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the meridional circle and transverse to it, to extents determined by the angle 
between the first and the third meridional circles as also by the angle of inci- 
dence of the X-rays on the lattice planes under consideration. 


9. SUMMARY 


The theory of X-ray diffraction in crystals is discussed and it is shown 
that the X-ray reflections must be regarded as a co-operative effort of the 
entire structure in which the nuclei as well as the electrons play their respec- 
tive roles. It is further shown that the passage of X-rays through a crystal 
and their reflection by the stratifications of electron density can simultaneously 
result in vibrational energy transitions, provided that the modes of vibration 
thus excited involve displacements of electric charge and are therefore active 
as absorbers of infra-red radiation. Vibrational modes of this kind when 
excited result in periodic displacements of the stratifications of electron den- 
sity. Consequently, reflections appear whose frequencies are less (or greater, 
as the case may be) than the frequency of the incident X-radiation. It is 
explained why it is possible for such reflections to appear even when the 
setting of the crystal is different from that required for the usual or unmodi- 
fied reflections. The geometry of the X-ray reflections which then appear 
in displaced positions is also discussed. 
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1. INTRODUCTION 


QuaRrTZz is the classic example of a naturally occurring transparent crystalline 
solid. It was the first crystal in which the existence of an observable diffusion 
of light as an inherent property of the substance was clearly established. 
It was naturally therefore also one of the first crystals in which the scattering 
of monochromatic light was spectroscopically investigated. 


The Raman spectrum, the interpretation of which is the main theme of 
this paper, exhibits several distinctive characters, which have their origin 
in the special features of the architecture of the crystal. Firstly, the solid 
itself may be described as a giant molecule, the silicon and oxygen atoms in 
it being linked together by valence bonds stretching continuously through 
the crystal. Secondly, the structure of the crystal is based on a three-fold 
axis of screw symmetry which, as is well known, results in the crystal exhi- 
biting optical activity and other interesting properties. Thirdly, the crystal 
structure is notably influenced by temperature and undergoes a transforma- 
tion at 575° C. which results in a change-over of its symmetry from the tri- 
gonal class to the hexagonal class. All these circumstances make their influ- 
ence felt in the Raman spectrum of the crystal and have to be considered 
in any attempt at its elucidation. 


In seeking to interpret or explain the Raman spectra of crystals we have 
necessarily also to take account of their behaviour in the infra-red region 
of the spectrum. The absorption and reflection spectra of quartz in that 
region were the subject of investigations by the pioneers in the field. Several 
of the characteristic frequencies are however so low that they are only with 
difficulty accessible to study by infra-red techniques. Some progress has 
however been made recently in this direction and the new results which have 
been reported in the literature have been taken into consideration in the 
present paper. 
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A detailed experimental study of the Raman spectrum of quartz has 
been carried out by the author. While in the main the results confirm those 
reported by earlier workers, a few new features have also been noticed. 
However, it is in regard to the interpretation of the experimental results that 
the present investigation is believed to make a distinct advance. 


2. THE CRYSTAL STRUCTURE OF QUARTZ 


Quartz belongs to the space group D,* (or D,*) of the enantiomor- 
phous hemihedral class of the trigonal system. The unit cell of the quartz 
structure consists of three SiO, groups. The structure possesses the symmetry 
elements of a three-fold screw axis and three two-fold axes perpendicular 
thereto and passing through the three silicon atoms of the unit cell. The 
three SiO, groups of the unit cell are rotated with respect to each other by 
120°. The three silicons are situated at levels 0, c/3 and 2/3, where c is 
the lattice constant along the optic axis. The oxygen atoms of each SiO, 
group are symmetrically situated on either side of the silicon above and below 
it, such that between two silicon planes there intervene two oxygen planes. 
Thus, the oxygen planes occur at levels c/9, 2c/9, 4c/9, 5c/9, 7/9 and 
8 c/9. We have described the unit cell here in terms of three SiO, groups. 
The prime characteristic of the structure of quartz is a continuous linking 
up of the silicons and oxygens so that each silicon atom is tetrahedrally sur- 
rounded by four oxygen atoms and each oxygen atom is connected to two 
silicon atoms. The SiO, group in quartz is not a regular tetrahedron, but 
possesses only the symmetry of a two-fold axis passing through each silicon 
and perpendicular to the optic axis. The three silicons in the unit cell 
together with the three other silicons belonging to the adjacent cells form an 
irregular hexagon possessing only the symmetry of a three-fold axis. 


3. THE DYNAMICS OF THE QUARTZ LATTICE 


The problem of the symmetry properties of the normal modes of vibra- 
tion of the quartz structure was treated by Went (1935) and later in detail 
by Saksena (1940) on the basis of the assumption that the dynamical behavi- 
our of the system is the same as though it belonged to point group D;. The 
point group D, possesses the elements of symmetry of a three-fold axis and 
three two-fold axes perpendicular thereto and all lying in the same plane 
and inclined with respect to each other at an angle of 120°. The successive 
operations of this simple three-fold axis thrice is equivalent to the identity 
operation. On the other hand, three successive operations of a three-fold 
axis combined with one-third the translation of the lattice each time and 
parallel to the optic axis result finally in a simple unit translation of the cell 
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along the optic axis. If it is assumed that an unit translation may be treated 
as equivalent to the identity operation, the point group D, and the space- 
group D,*‘ (or D,°) may be shown to be isomorphous with each other. It is 
believed that some of the so-called anomalies noticed in the Raman spectrum 
of quartz may have their origin in the above approximation involved in the 
theoretical treatment. However, we shall in the present paper try to inter- 
pret the main features observed in terms of the theoretical analysis by Saksena. 


The character table for point group Dg, the classes into which the vibra- 
tions are grouped, their number and selection rules are shown in Table I. 
The point group D, contains three irreducible representations, viz., (1) A: 
totally symmetric, (2) B: anti-symmetric with respect to the two-fold axes 
and (3) E: doubly dengenerate. 


TABLE I 


Character table and selection rules 
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4. THE PRINCIPAL FEATURES OF THE RAMAN SPECTRUM 


Strongly exposed records of the Raman spectrum of quartz were 
obtained by the present author using the powerful A 2536-5 resonance radia- 
tion of the mercury arc as the exciting radiation. The experimental tech- 
niques pertaining to this and other details of the set-up have been described 
fully in an earlier paper by the author on the Raman spectrum of calcite 
(1957). The spectra were recorded with the aid of two Hilger instruments, 
one a medium quartz spectrograph and the other a Littrow quartz spectro- 
graph with greater dispersion and resolution. Using different specimens 
the spectra were recorded for three different orientations, viz., (1) in which 
the exciting radiation was incident on a hexagonal face of the crystal and 
scattering was observed along the optic axis, (2) in which the optic axis was 
inclined at an angle to the plane of scattering and (3) in which the plane of 
scattering was perpendicular to the optic axis. With a slit width of 0-05 mm. 
exposures of the order of 100 hours were given to obtain spectrograms in 
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which even the faintest features are clearly recorded. From amongst the 
several spectra recorded we have chosen those corresponding to the first two 
orientations mentioned above and these are reproduced along with this paper 
to illustrate the numerous features that manifest themselves in the Raman 
spectrum of quartz. In addition, a number of microphotometer records on 
different scales of enlargement were obtained to reveal some of the finer 
features of the spectrum. Plate XV reproduces the spectra obtained with the 
Littrow instrument. Figure | in Plate XV corresponds to the orientation 
(1) when the scattering was observed along the optic axis, while Fig. 3 to 
the case (2) when the optic axis was at an angle to the plane of scattering. 
Figure 2 is the spectrum of the mercury arc reproduced for comparison. 
Plate XVI reproduces the microphotometer record (on a scale 1: 4) of the 
spectrum shown in Fig. 3 of Plate XV. Plate XVII reproduces the spectra 
recorded with the medium spectrograph and Fig. | and Fig. 3 of this plate 
correspond to the same orientations of the crystal as those of Fig. | and 
Fig. 3 of Plate XV. Plate XVIII shows the microphotometer record (on a 
scale 1:8) of the spectrum in Fig. 3 of Plate XVII. 


Fifteen frequency shifts constitute the principal features of the Raman 
spectrum of quartz. They are: 128 (v.s.), 206 (v.s.), 265 (s), 356 (s), 394 (m), 
404 (m), 452 (w), 466 (v.s.), 696 (m), 795 (m), 806 (m), 1063 (m), 1082 (m), 
1160 (s) and 1230 (w)cm.-! The intensity of the lines, whether they are 
very strong, strong or moderate or weak are indicated within brackets. Of 
ail the frequencies the 206 cm.— shift may be seen (Plate XV) to be extremely 
broad. The most intense line of the spectrum, viz., the line at 466 cm.-! 
has to its left and quite close, a rather weak line of frequency shift 452 cm.—! 
This was first recognized by Cabannes and Bouhet (1937). It is clearly seen 
in Figs. 1 and 3 in Plate XV. An enlarged microphotometer record of this 
region of the spectrum reproduced as Fig. | in the text below clearly shows 
the line at 452 cm.—! to the left and on the shoulder of the line at 466 cm 


A few other interesting features may be noticed in the spectra reproduced 
in Plates XV and XVII. The components of the doublet at 394-404, as well as 
those of the other doublet at 795-806, can be seen to exhibit striking varia- 
tions in their relative intensities with different orientations of the crystal. 
In addition, the doublet separation of the pair of lines at 795 and 806 changes 
with the orientation of the crystal; e.g., the separation in Fig. 3 of Plate XV 
may be clearly seen to be more than in Fig.1 of the same plate. The fre- 
quency shift at 1082 cm.-' also exhibits a remarkable change in its intensity 
with different orientations of the crystal. While it appears to be almost of 
vanishingly small intensity in Fig. 1 (of Plates XV and XVII), it is of 


considerably greater intensity in Fig. 3 (of Plates XV and XVII). 
A2 
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Mathieu (1952) has reported the change in the intensity of the lines at 
394, 404 and 1230 cm." for different orientations of the crystal, viz., when 
the optic axis of the crystal is perpendicular to the plane of scattering and the 
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Fic. 1. Enlarged microphotometer record showing the Raman shift 466cm.-! and the 
452cm.~! shift adjacent to it. 
crystal is rotated about the optic axis to different positions. It was also 
noticed by him that the frequency shifts 404, 806 and 1230cm.- differ in 
their position for different inclinations of the optic axis with respect to the 
plane of scattering, the differences observed being 2cm.-! for 404 cm.*, 
6cm.- for 806cm. and 4cm. for 1230 cm. 


5. SUBSIDIARY FEATURES IN THE SPECTRUM 


Numerous lines of low intensity appear in the Raman spectrum of quartz 
under prolonged exposures, as has already been noticed by Krishnan (1945). 
The present investigation has revealed a few new features in addition to con- 
firming the majority of the lines already known. The present paper is mainly 
concerned with the necessity for a revision in the identification of the funda- 
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mental frequencies themselves. Naturally, these subsidiary features as well 
need a reinterpretation. A brief description of these features shall therefore 
be given. 
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Fic. 2. Enlarged microphotometer record showing the Raman lines observed in the low 
frequency region. 


In all, thirty-three frequency shifts at 93, 145, 171, 239, 435, 490, 509, 
520, 541, 584, 728, 780, 828, 846, 867, 894, 903-908, 917, 924, 938, 947-952, 
963, 978, 1046, 1269, 1291, 1361, 1381, 1420, 1435-1441, 1456, 1498 
and 2129 cm.-! have been observed. The two low-frequencies at 26 and 
39 cm.-! reported by Krishnan and Chandrasekharan (1945, 1950) could not 
be definitely confirmed by us owing to the presence in that region of the wing 
accompanying the A 2536-5 radiation. 


Several of these lines appear close to the stronger Raman lines, viz., 
128, 206, 466, 795, 806 and 1063cm.-!_ In particular, the line at 145 cm 
appears with comparatively considerable strength close to the 128 cm.— shift 
as can be seen from Plates XV and XVII and the microphotometer record in 
Plate XVI. The line at 509 cm.— is quite clearly seen in Fig. 3 of Plate XVII 
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Fic. 3. Enlarged microphotometer record showing the 466cm. Raman line and other 
subsidiary features. 
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Fic. 4. Enlarged microphotometer record showing the numerous features in the region 
750-1100 cm.-? 
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adjacent to and on the long-wavelength side of the intense Raman shift 
466cm.-! The comparatively weaker lines at 780 and 1046 cm. close to 
the doublet 795-806 and 1063 cm. shift respectively, are indicated in the 
microphotometer record of Plate XVI. These and the remaining frequency 
shifts are clearly indicated in the enlarged microphotometer records appearing 
as Figs. 2, 3, 4 and 5 in the text and also in the microphotometer records of 
Plates XVI and XVIII. 
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Fic. 5. Enlarged microphotometer record showing the several features observed in the 
range 1160-1500 cm? 


The lines reported by Krishnan at 1596 and 1630cm.- could not be 
confirmed since the anti-Stokes lines of shift 128 cm.—' excited by the triplet 
of mercury lines at A 2652, A 2653-7 and A 2655-1, fall in this region. The 
frequency shifts at 2225 and 2240 cm. reported by Krishnan are believed 
to be respectively (1) the Stokes shift 466 cm. excited by A 2655-1 of the 
triplet of mercury lines and (2) the anti-Stokes shift of 128 cm. excited by 
the mercury line A 2698-9. The frequency shift reported by Krishnan at 
2420 cm.-! could not be confirmed owing to the presence in the mercury arc 
exactly at this point a line of wavelength 2702:5 A,U, 
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6. ANALYSIS OF THE RAMAN SPECTRUM 


It may be seen from Table I that the 27 degrees of freedom belonging 
to the three SiO, groups in the unit cell are distributed under the three classes 
of vibrations A, B and E. Excluding the three translatory movements of 
the unit cell there are four vibrations each under the classes A and B, and 
eight under the doubly degenerate class E. We shall proceed straightaway 
to identify the frequencies appearing under each class. 


(1) Totally symmetric class A.—The four frequencies under this class 
which are active only in the Raman effect should always exhibit complete 
polarisation owing to the vanishing of the transverse components of the 
polarisability tensor. The early studies of Cabannes and Bouhet (1937) 
and Michalke (1938) showed that the lines 206, 356 and 466 cm.—! exhibit 
almost complete polarisation. In these early studies the lines 1063 cm! 
and 1082 cm.-!, which are rather close, were unresolved. In addition, the 
line at 1082 cm.-' appears with very low intensity when the scattering is 
observed along the optic axis. By orientating the crystal so that the optic 
axis was perpendicular to the plane of scattering and using unpolarised light, 
Saksena (1940) found that for the 1082 cm. shift, the component parallel 
to the optic axis appeared strongly whereas the perpendicular component 
was absent. He also confirmed the findings of the earlier workers with regard 
to the polarisation of the lines 206, 356 and 466 cm.— 


A new experimental method which made use of the optical activity of 
quartz to reveal the polarisation characters of the Raman lines was found 
by Chandrasekharan (1948). In this experiment, polarised exciting radiation 
was incident vertically along the optic axis of the crystal so orientated that 
its optic axis was parallel to the slit of the spectrograph. The scattered radia- 
tion was observed in a direction perpendicular to the optic axis. Due to the 
high optical rotatory power of quartz the vibration direction of the incident 
light vector would rotate and be parallel to the direction of observation at 
several points along the length of the optic axis, i.e., after every 180° of rota- 
tion. The Raman lines that are completely polarised would have zero intensity 
at these points and hence would exhibit a characteristic banding along their 
length. The frequency shifts 206, 356, 466 cm.—! exhibit this feature. Owing 
to the vanishingly small intensity of the 1082 cm.—! shift in this orientation 
of the crystal, no observations could be made for this line by Chandrasekharan. 
Thus, it has been well established already that the four lines 206, 356, 466 and 
1082 cm.-! belong to the totally symmetric class A. 


(2) The doubly degenerate class E.—Contrary to the behaviour of the 
four frequencies under class A, the frequencies coming under the doubly 
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degenerate class E should appear depolarised in the Raman effect. In 
particular, when the incident electric vector is polarised parallel to the optic 
axis, the scattered light (uf the E class frequency shifts) should have no 
component parallel to the optic axis since «zz, = 0. The detailed polarisa- 
tion studies undertaken by Saksena (1940) revealed that the lines 128, 265, 
394-404 (unresolved), 452, 696, 795-806 (unresolved), 1063, 1160 and 
1230 cm.- exhibit polarisation characters anticipated of lines coming under 
the doubly degenerate class. In particular, it may be mentioned that Saksena 
found that the weak line at 452 cm. is made much more evident by polaris- 
ing the incident light or analysing the scattered light and thus diminishing the 
intensity of the adjacent 466 cm. shift. In agreement with the findings of 
Saksena, no characteristic banding was observed by Chandrasekharan (1948) 
in the case of the lines 128, 265, 394-404 (unresolved), 696, 795-806 (unre- 
solved), 1063, 1160 and 1230cm>! (No banding should be exhibited 
by lines of the doubly degenerate class since the scattered intensity is the same 
irrespective of whether the incident light vector be parallel or perpendicular 
to the direction of observation). 


We shall for the present consider in this analysis that the doublet 394-404 
and 795-806 arise from single modes which have for some reason suffered 
a splitting. We identify the frequency shifts at 128, 265, 394-404, 452, 696, 
795-806, 1063 and 1160 cm." as the eight fundamental vibrations coming 
under the doubly degenerate class. The polarisation characters of all the 
lines listed and their considerable intensity (except the 452 cm.-! shift) pre- 
clude any other explanation. The identification of the 452 cm. shift as a 
frequency coming under the class E finds additional support in the recent 
work of Reitzel (1955) on the infra-red reflection spectrum of quartz which 
reveals a very strong reflection maximum at 455 cm.-! in the ordinary ray. 


We shall presently consider the question of the explanation of the frequency 
shift at 1230 cm. 


These frequencies listed above under the degenerate class, being infra- 
red active in the ordinary ray, have been reported by different investigators. 
Simon and McMahon (1952) have, from a careful analysis of their data on 
the infra-red reflection of quartz, reported the frequencies 696, 795-802, 1065 
and 1162, in close agreement with the observed Raman shifts. The fre- 
quencies 128 and 265 cm.~* were observed by Czerny (1929) and Barnes (1932) 
in the far infra-red transmission at 77 » and 38 respectively. Liebisch and 
Rubens have reported a strong restrahlen band in the ordinary ray at 385 cm.-1 
in agreement with the value for the doublet at 394-404 cm,-! 
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(3) Anti-symmetric class B.—According to theory (Table I), the four 
frequencies belonging to this class are forbidden in the Raman effect, but 
are infra-red active in the extraordinary ray. The important result of the 
present investigation is that these frequencies do appear in the Raman spec- 
trum of quartz, though rather weakly. We identify the four frequencies at 
145, 509, 780 and 1046 cm." listed in Section 5 as the B class frequencies. 
The basis for this identification as well as the reasons for the appearance of 
these forbidden frequencies we shall now discuss. Making use of the sym- 
metry co-ordinates derived by him for the vibrations of the A and B classes 
Saksena (1945) tried to calculate the frequencies under these classes using 
four force constants respectively due to (1) the changes in the silicon-oxygen 
bond lengths and (2) changes in the oxygen-oxygen distances and (3), (4) the 
changes in the bond angles at the oxygen and silicon atoms respectively. 
These were so chosen as to give a reasonable agreement with the observed 
frequencies of the A class. The calculated values came out as 195, 310, 
508 and 1087 while the observed values are 206, 356, 466 and 1082 cm.-, 
a not unsatisfactory agreement. Using the same force constants the four 


B class frequencies were evaluated and came out as 149, 489, 809 and 
1160 cm.“ 


A characteristic feature of the spectrum of quartz is the appearance of 
the stronger lines of the spectrum in groups in certain frequency ranges. For 
example, in the low-frequency region, there appear one A class line at 
206 cm.—! and two E class lines at 128 and 265cm.-! We may therefore 
reasonably expect to find one B class frequency in this region. Saksena’s 
calculated value of 149cm.-! for the lowest frequency therefore appears 
reasonable. Hence, the identification of the shift 145 cm.-! appearing in the 
vicinity of the E class line 128 cm.-' as a B class fundamental is justifiable. 
Further support for this assignment is forthcoming from the observation 
by Czerny (1929), Barnes (1932) and Plyler and Acquista (1955) in the infra- 
red transmission of quartz an absorption at 75 with specimens cut parallel 
and perpendicular to the optic axis, which is in tolerable agreement with 
the frequencies 128 and 145 cm.-' assigned above for the E and B classes 
respectively. Some of the earlier investigators had chosen to regard a fre- 
quency at 364cm.-' observed in the restrahlen (extraordinary ray) by Lie- 
bisch and Rubens, as the lowest frequency in the B class. This may, how- 
ever, be explained as arising from a combination of the 145 cm- and 
206 cm.-! shifts. Such a combination would have the polarisation charac- 
ters of a B class frequency and would therefore appear in the extraordinary 
ray. 
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The 509 cm. shift is another well-defined feature in the Raman spectrum 
of quartz noticed even by the early investigators using the less powerful 
\ 4358 radiation for the excitation of the Raman effect. The observation 
by Liebisch and Rubens in the restrahlen extraordinary ray a very strong 
maximum at 508 cm.—! justifies the identification of this shift at 509 cm.-! 
as a B class frequency. The observations of Liebisch and Rubens are sup- 
ported by the recent studies of Reitzel (1955) who reports a strong reflec- 
tion maximum in the extraordinary ray between 500 and 540 cm.-! 


The identification of the weak Raman lines observed at 780 and 
1046 cm.—! respectively as the fundamental frequencies of the B class is sup- 
ported by the infra-red data. A strong reflection maximum at 777 cm.-! 
in the extraordinary ray was reported by Reinkober. Recently also, Simon 
and McMahon (1952) from a detailed analysis of their reflection data report 
characteristic frequencies at 780 cm.-' and 1055cm. in the extraordinary 
ray the accuracy claimed being +10cm.' 


The appearance of the frequencies of the B class in violation of the selec- 
tion rules, admits of two explanations: (1) They become active in the Raman 
effect by reason of their contiguity to strongly active Raman frequencies 
and the fact of their thereby gaining dynamic characters analogous to the 
active Raman frequencies. (2) The selection rules have been derived assum- 
ing that all the silicon atoms are of the same mass and hence form an abso- 
lutely symmetric trigonal structure. Actually, however, the abundances of 
the silicon atoms are such that the silicons of atomic weight 28 form a pro- 
portion of only 92-3% of the total number, the remaining being 4-7% of 
Si” and 3-0% of Si®®. A random distribution of these silicons of atomic 
weight 29 and 30 would in reality mean a departure from the trigonal sym- 
metry of the crystal and hence would result in a certain amount of Raman 
activity for the B class vibrations. 


7. COMBINATIONS AND OVERTONES 


One of the principal features of the Raman spectrum of quartz that we 
have to explain is the 1230 cm. shift which exhibits the polarisation charac- 
ters of an E class vibration. It is suggested that the frequency shift arises 
from the combination of the two fundamentals 780 and 452 cm.-' belonging 
respectively to the B and E classes. Such a combination would have the 
symmetry properties of the E class and hence would be Raman active, exhibit- 
ing the polarisation characters of that class. The intensity with which this 
combinational frequency shift is recorded is however rather surprising. The 
same frequency has been observed to be weakly active in the infra-red spec- 
trum (Simon and McMahon, 1952). 
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The majority of the weak frequency shifts (referred to in Section 5) could 
be explained as combinations between the several fundamental frequencies. 
According to theory, all combinations, excepting those between the A and 
B class frequencies, are permitted to appear in the Raman effect. Also, 
all first overtones are active in the Raman effect. Table II shows the 
observed frequency shifts and their suggested’ origin. 











TABLE II 
7 Caer fe a | | 
Observed Frequency Their Suggested Calculated 
Shifts in cm.-? Origin Values 
! — 
490 128-356 484 
520 128 -+-394-404 522 —532 
541 145-+-394-404 539 —549 
584 128+-452 580 
728 265-+466 731 
828 | 128+696 824 
846 | 394-404-+-452 846—856 
867 394-404 +-466 860—870 
894,903 and 908 ‘Overtones of 452 and its satellites and! 
| 394—404-+ 509 903—913 
917 452+466 918 
924—938 128-+795-806 923 —934 
land overtones of 466 cm.-! and its 932 
satellites 
947 —952 145+.795-806 940—951 
963 265+696; 452+509 961 
978 466+-509 975 
1230 452+780 1232 
1269 206-- 1063 1269 
1291 509-+-780; 206-+1082; 128-+1160 1289, 1288 
1361 206-+- 1160 1366 
1381 ? 
1420 265+ 1160 1425 
1435—1441 356+ 1082 1438 
1456 394-—404-+- 1063 1457 — 1467 
1498 696+795—806 149] —1502 
2129 | 2 1063 2126 





It is rather surprising that the only overtone line observed is that at 
2129 cm.—! being the overtone of the 1063 cm. shift. It is natural to expect 
that the intensely Raman active frequencies at 128, 206, 466 and 1160 cm." 
and also the intensely infra-red active frequencies at 452, 509 and 1046 cm. 
would manifest themselves as overtone shifts. But owing to various reasons 
most of them remain unobserved. The overtone of the 128 cm.— shift would 
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fall too close to the Raman line at 265 cm.-! to be detected. Similarly, the 
overtone of the 206 cm.— line would be too near the Raman doublet 394-404 
to be observed. 


The overtones of the frequency shifts at 466 and 452 cm. should, how- 
ever, have been clearly observed but for the fact that this region of the spec- 
trum exhibits numerous combinational shifts. The only relevant feature 
with regard to these overtones is the presence in the microphotometer records 
of the spectrum of bands of low intensity at 894, 903, 908 and 924-938 cm.! 
The overtones of the Raman shifts 452 and 466cm.- and their satellites 
would appear at precisely this region. The overtone of the B frequency 
at 509 cm.—! escapes detection owing to the presence of the mercury line 
\ 2603-2 at about the point of its appearance. The appearance of the over- 
tone of the frequency 1046 cm.-! could not be established owing to its falling 
in the region where the Raman shifts of 356 and 394-404 cm.-! excited by the 
triplet of mercury lines appear. The overtones of all other frequencies are 
presumably too weak to be observed. 


In addition to the frequencies listed in Table II, there are others at 93, 
171, 239 and 435cm.-! and those reported by Krishnan and Chandra- 
sekharan at 26 and 39cm.' These cannot reasonably be explained as 
combinational shifts. Their appearance in the vicinity of intensely active 
Raman lines (excepting those at 26 and 39 cm.) suggests that they represent 
the modes of vibration of the super-cell and belong to the 21 p class. Though 
these modes are theoretically forbidden to appear, their close approximation 
in frequency to strongly active modes and (or), their possessing similar dyna- 
mical characters would result in their becoming weakly active in the Raman 
effect. It is also noteworthy that two bands at 82 and 95 cm. were 
observed by Barnes (1932) in the far infra-red transmission of quartz. 


8. Some GENERAL REMARKS 


We shall consider in this section the probable explanation of some of 
the most striking features observed in the Raman spectrum of quartz. 


The frequency shift 466 cm.~? is by far the most intense of all, though 
the frequency shift 206 cm.—! approximates to it closely: by reason of its 
diffuseness at ordinary temperatures, its intensity appears less than it would 
otherwise have been. Both of these frequency shifts belong to the totally 
symmetric class and hence their great intensity is prima facie not surprising. 
But why they should transcend so greatly in intensity the two other A class 
frequency shifts 356 and 1082 cm.— is not so clear. It may be suggested that 
both of these modes (206 and 466 cm.-*) involve large changes of the silicon- 
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oxygen bond-lengths, but that at the same time their frequencies are rather 
low by reason of the atomic movements being notably inclined to the direc- 
tions of these bonds. It may be remarked in this connection that in 8-quartz 
which is the high temperature form, only one vibration of the A class sur- 
vives. From the observations of Narayanaswami (1948) it would appear 
that it is the 466 cm.— shift of a-quartz which is carried over and appears 
at 453 cm.-! in f-quartz. The enormous broadening of the 206 cm. fre- 
quency shift with rise of temperature and its ultimate disappearance are 
clearly attributable to the progressive alteration in structure which precedes 
the transformation at 575° C.; the extreme diffuseness of the line may be 
attributed to the anharmonicity of the vibration concerned. 


A noteworthy feature of the vibration spectrum of quartz which is 
emphasized by the present investigation is that all the four B class frequencies 
appear in close proximity to four out of the eight E class frequencies. It is 
also noteworthy that the infra-red activities of the vibrations of contiguous 
frequencies which appear in the extraordinary and ordinary ray are also 
quite comparable. It appears reasonable to suggest that this feature is in 
some way connected with the approximately tetrahedral configuration of 
the four oxygen atoms around the silicon atom to which they are linked. 


Finally, mention should be made of the doublets 394-404 and 795- 
806 cm.-! both of which belong to the E class. Various explanations have 
been or could be suggested for this doubling and the special features exhibited 
by the components of the doublet in each case. Comments on these expla- 
nations are reserved till the author has had an opportunity of making a fuller 
examination of the subject. 


The author’s grateful thanks are due to Professor Sir C. V. Raman for 
his kind interest in this work. 


9. SUMMARY 


The Raman spectrum of a-quartz has been re-investigated with a view to 
obtain the complete spectrum and the results have been correlated with the 
recent infra-red data. In addition to fifteen principal frequency shifts, thrity- 
three other subsidiary features of low intensity are observed in heavily exposed 
spectrograms. These features are illustrated in the paper by microphoto- 
meter records on an enlarged scale. 


The following Raman shifts are identified as the fundamental frequencies: 
(1) A class: 206, 356, 466 and 1082; (2) B class: 145, 509, 780 and 1046; 
(3) E class: 128, 265, 394-404, 452, 696, 795-806, 1063 and 1160 cm. 
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quartz recorded with the Littrow spectrograph. 


Microphotometer record of the Raman spectrum of 
Note.—The numbers denote the Raman shifts jn cm 





1 while a, b, c, etc., refer to the mercury arc lines. 
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Microphotometer record of the Raman spectrum of quartz recorded with the medium quartz spectrograph. 
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It is noteworthy that all the four B class fundamentals appear weakly in the 
Raman effect in violation of the selection rules. The numerous subsidiary 


features are explained as permissible overtones and combinations of the 
above fundamental frequencies. 
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In a number of earlier publications have been described experiments relating 
to a new approach to the synthesis of rotenone and its derivatives. They 
have been developed on the basis that an isoflavone skeleton provides the core 
and the pyran and dihydrofuran rings are subsequently formed. Hence as 
stages in the synthetic attempt, the tetracyclic systems, (a) isoflavono- 
furans !:? and (6) chromeno-chromones*~ were prepared from the appropriate 
isoflavones. There are two ways of eventually building up the five-ring 
structure starting with either (a) or (6). The second route has now been 
explored and a furan ring has been successfully built on a chromeno-chro- 
mone unit. The steps involved are indicated in the following formule. 


CH,=CH—CH, 


sl? 
OY Ol 
= 


y 
| R=H 


Il R= —CH,-CH=CH, 


H,C—CH——CH, 
H3;C— a i H; | 
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7-Hydroxy chromeno-chromone (I) needed for the synthesis could be 
made in two ways: (1) by the N-bromosuccinimide method of Seshadri and 
Varadarajan* and (2) by the ethoxyacetyl chloride method of Mehta and 
Seshadri. The latter is more convenient. By boiling compound (I) with 
allyl bromide and potassium carbonate in acetone solution is obtained the 
7-allyloxy compound (II) which undergoes Claisen migration to yield 
7-hydroxy-8-allyl chromeno-chromone (III). The change, however, is not 
very smooth and is accompanied by the formation of a large quantity of 
resinous products. Alteration of temperature and the time of heating within 
small ranges did not improve the quality of the product. The 7-hydroxy-8- 
allyl compound (III) on heating with aqueous hydrobromic acid gives 
7-hydroxy-8-(8-bromopropyl)-chromeno-chromone (IV) which undergoes 
furan ring closure with pyridine to yield the pentacyclic compound, 5”: 4’- 
dihydro-5”-methylfurano (2”: 3”: 7: 8)-chromeno-(3’: 4’: 2: 3)-chromone (V). 


EXPERIMENTAL 


7-Allyloxy chromeno-chromone (IT).—7-Hydroxy chromeno-chromone** 
(I, 1 g.) was dissolved in dry acetone (200 c.c.) and treated with allyl bromide 
(1-4 c.c.) and ignited potassium carbonate (15 g.). The mixture was refluxed 
on a water-bath for 8 hours. The solvent was then distilled off, ice-cold 
water (300 c.c.) added to the residue and the contents left in the refrigerator 
for 16 hours. The solid product was filtered, washed with water (50 c.c., 
4 times), dried and crystallised first from alcohol and then from ethyl acetate- 
petroleum ether mixture when it came out as colourless plates, m.p. 140-41°; 
0-75 g. (Found: C, 74-3; H, 4-8; C,H,,O, requires C, 74-5; H, 4-6%). 


7-Hydroxy-8-allyl chromeno-chromone (III).—The allyloxy compound 
(II, 0-75 g.) was heated in an oil-bath at 180° for 2 hours. The compound 
melted at first and gradually solidified during the course of one hour. It 
was then cooled and extracted with 1% aqueous sodium hydroxide. The 
solution was filtered and the clear filtrate acidified with cold dilute hydro- 
chloric acid when a red coloured solid separated out. It was filtered, washed | 
dried and crystallised from ethyl acetate and petroleum ether mixture yield- 
ing colourless short prisms, m.p. 206-8°; 0-26g. (Found: C, 74-6; 
H 4-6; Cy, .H,,0O, requires C, 74-5; H, 4°6%). 


7-Hydroxy-8-(B-bromopropyl)-chromeno-(3’ : 4’: 2: 3)-chromone (IV).—A 
solution of the 8-allyl chromeno-chromone (III, 0-25 g.) in glacial acetic acid 
(18 c.c.) was heated with hydrobromic acid (8 c.c., 48%) in a water-bath at 
50° C. for 8 hours, cooled and poured over crushed ice (75 g.) and stirred 
when a solid gradually separated out. It was filtered, washed, dried and 
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crystallised from ethyl acetate and petroleum ether mixture when it appeared 
as small cubic crystals, m.p. 120-22°; 0-11 g. (Found; Br, 20-2% ; CigH,;O, Br 
requires Br 20-7%). 


5” : 4"-Dihydro-5"-methyl-furano-(2” : 3": 7: 8)-chromeno-(3’ : 4’ : 2: 3)-chro- 
mone (V).—A solution of the above compound (IV, 0-1g.) in dry and 
redistilled pyridine (6 c.c.) was heated in a boiling water-bath for 2 hours. 
It was then cooled and poured over crushed ice (50 g.) and acidified with 
excess of dilute hydrochloric acid. The solid product was filtered, washed 
with water, dried and crystallised from a mixture of ethyl acetate and petro- 
leum ether yielding short needles, m.p. 158-60°; 0-025 g. (Found: C, 74-4; 
H, 4-5; Cy 9H,,O, requires C, 74-5; H, 4-6%). It gave no test for the pre- 
sence of bromine. It did not dissolve in aqueous sodium hydroxide or con- 
centrated hydrochloric acid but dissolved in concentrated sulphuric and nitric 
acids to give reddish brown solutions; the Durham test was negative. 


SUMMARY 


Starting from 7-hydroxy chromeno-chromone, the 8-allyl derivative has 
been prepared as intermediate and the a-methyl furan ring closed by means 
of hydrogen bromide and pyridine, yielding the five-ring structure of a-methyl 
dihydro-furano-chromeno-chromone. 
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ABSTRACT 


The radioactive decay of Eu (t; = 16y), obtained from thermal 
neutron irradiations of 95% enriched Eu’, has been studied by using 
the Seigbahn-Slatis intermediate image spectrometer, a thin lens magnetic 
spectrometer and a coincidence scintillation spectrometer. The following 
gamma-rays (energy in kev.) have been identified as belonging to this iso- 
tope: 123, 248, 585, 717, 759, 875, 998, 1007, 1285, 1600. Beta end 
points of Eu were measured at 275 (20%), 590 (45%), 890 (23%) and 
1860 (12%). The K-conversion coefficient of 123 kev. gamma-ray has 
been experimentally determined to be ~0-5. On the basis of gamma- 
gamma and beta-gamma coincidences, the decay scheme of Eu! has been 
deduced: the resulting level-structure of Gd'** conforms well with the 
predictions of the unified nuclear model. 


I. INTRODUCTION 


THE isotope Eu (t, = 16 y) is known to decay principally by B--emission 
to the levels of the even-even nucleus Gd'**.12, When this work was started 
there was considerable uncertainty about the decay characteristics of 
16 y — Eu™, mainly because of the difficulties in getting good sources free 
of 12 y — Eu™?, which is produced much more copiously by thermal neutron- 
irradiation of natural europium. In course of the present work two investi- 
gations on enriched Eu * and fission-product Eu * are reported. 


In the region well above the closed shell of 82 neutrons low-lying states 
of even-even nuclei are observed which are considered to be members of 
a rotational band according to the unified nuclear model of Bohr and Mottel- 
son.2° In Gd!4 some of these levels are populated by 8--emission of Eu™. 
Recently® the spin of the ground state of Eu’ has been experimentally 
measured to be 3. This makes the study of the # transitions to the levels 
of Gd! from Eu ™ decay interesting in view of the influence of the K-selec- 
tion rule. 
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The source for the present work was obtained by the thermal neutron 
irradiation of 95% enriched isotope Eu®*. The energies and relative inten- 
sities of the different beta- and gamma-transitions were determined ; by study- 


ing the gamma-gamma and beta-gamma coincidences a decay scheme of 
Eu! is proposed. 


2. EXPERIMENTAL PROCEDURE 


Eu’* enriched to 95% was obtained from the Isotope Division, Oak 
Ridge National Laboratory, U.S.A. Europium oxide target, coniaining 
6 mg. of Eu*’, was bombarded by thermal neutrons for three weeks at a flux 
of 10** n/sec./cm.? in the Oak Ridge reactor. The oxide was then converted 
to nitrate and the acid-free solution of europium nitrate was used to prepare 
all sources for our work. The sources for B--spectrum were deposited on 
a backing of ~ 150 yg./cm.? Al foil and those for y-measurements had the 


usual scotch tape backing. Our observations consisted of the following 
measurements :-— 


1. Low energy conversion electron measurements with a Seigbahn- 
Slatis intermediate image spectrometer having a momentum resolution of 
4-5% and window cut-off at nearly 5 kev. 


2. High energy electron measurements with a thin magnetic lens spec- 
trometer having a momentum resolution of 2-4% and window cut-off at 
25 kev. 


3. Gamma _ spectrum measurements with a calibrated scintillation 
spectrometer employing a 2” thick x 13” diameter Nal (T1) crystal. 


4. Beta-gamma and gamma-gamma coincidence measurements with 
the help of a Fast-Slow coincidence spectrometer. 


2.1. Low energy conversion electron measurements 


The intermediate image spectrometer was used to measure the electron 
spectrum in the range 50 kev. to 180 kev. Figure 1 (a) displays the relevant 
portion of the spectrum showing the K-and L-conversion lines of 123 kev. 
gamma-ray. The K/L ratio as obtained from this data is ~1-6. 


2.2. High energy electron measurements 


The electron measurements from 80 kev. onwards were carried out with 
the help of a magnetic lens spectrometer. Figure 1 (b) shows the continuous 
spectrum along with the K-conversion lines of 248, 344 and 1012 kev. gamma 
rays. The L-conversion line of 123 kev. gamma-ray [not shown in Fig. 1 (d)] 
served as the normalising line for correlating the measurements done with 
the intermediate image spectrometer. 
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Fic. 1. (a) Low energy electron spectrum of Eu‘ measured with the help of Seigbahn 
Slatis Intermediate Image Spectrometer. 


(6) High energy electron spectrum of Eu** measured with the help of Thin Magnetic 
Lens Spectrometer. 


The continuous f--spectrum was analysed by means of Kurie plot and 
showed four B--groups. Table I gives the energies, relative intensities and 
log ft-values of the observed f--transitions. The errors in the energies as 


TABLE I 


Beta groups and their relative intensities 





Energy (kev.) Abundance Log /t. 





275 +15 20% 9-2 
590-+10 45% 10-0 
890-415 23% 10-9 


1860-+20 12% 12-3 
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given in Table I were found on the basis of three independent runs of the 
spectrometer. The log ft-values were calculated with the help of Moszkowski’s 


nomograph.® Figure 2 shows the gross Kurie plot and the four f--groups 
extracted from it. 
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Fic. 2. The Kurie plot of the beta-spectrum of Eu!. 
2.3, Gamma-spectrum 


A scintillation spectrometer using a 2” thick x 1}” diameter Nal (T1) 
crystal was calibrated in the useful energy range by conventional method. 
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The resolution for 661 kev. line of Cs!*? was about 10%. Figure 3 shows 
the gamma-spectrum. 
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Fic. 3. The gamma spectrum of Eu. 


From the known thermal neutron absorption cross-sections for Eu™® 
and Eu it can be calculated that the presence of 5% Eu® will give rise to 
an activity due to Eu? which will account for nearly 40% of the total activity. 
However, the gamma-spectrum of Eu? is rather very well known from our 
earlier measurements’ and has been taken care of while drawing conclusions 
about the gamma-spectrum of Eu™ alone, Thus the lines 344 kev. and 
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1420 kev. (cf. Fig. 3) do not appear in Table II, which gives the gamma-ray 
energies and their relative intensities for Eu. The fact that the 344 kev. 
gamma-ray is not present in Eu is further evidenced by the work of 


TABLE II 


Gamma-ray energies* and their relative intensities 








Energy (kev) Relative intensity 

123 100 
248 22 
585. 18 
735T 79 
875 48 

1003T 101 

1285 123 

1600 5 





* The energy measurements are beleived to be good within 2% and the intensities within 15%. 
Tt It is shown by one coincidence results that these lines are composite; see text for details. 


Stephens* who used the Eu™ activity produced by fission of Pu2®® where Eu? 
is known to be absent. Slight contamination is also expected in our activity 
due to Eu" (produced by thermal neutron capture by Eu™) but it is known 
that the gamma-spectrum of Eu’® lies mainly in the region below 165 kev. 


and hence will not produce any interference in the main region of our 
measurements. 


2.4. Gamma-gamma and beta-gamma coincidences 


The fast-slow coincidence scintillation spectrometer? employed two 
Nal (T1) crystals (2” thick x 1}” diameter both) as detectors in the case of 
gamma-gamma coincidences. For beta-gamma coincidences one of these 
crystals was replaced by an anthracene crystal (4” thick x 14” diameter) which 
served as the electron detector. Figures 4, 5, 6 and 7 show some of the coin- 


cidence spectra and Table III gives the summary of all coincidence 
observations, 
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It is worth noting that the intensity of the gamma-ray near 1000 kev. 
compared to 1285 kev. gamma-ray has reduced in coincidence with 123 kev. 
as compared to its value in single spectrum. This indicates that the peak 
at 1003 kev. is composed of two gamma-rays of nearly equal energies, one 
coincident and the other non-coincident with 123 kev. (The 1285 kev. 
line was chosen as a reference for comparison because of its established pre- 
sence in Eu™ only and not in Eu.) 
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Fic. 4. The gamma spectrum of Eu‘ in coincidence with 123 kev. gamma-rays. 


Similarly the composite nature of the 735 kev. peak is concluded from 
the fact that the ratio of its intensity to that of 1003 kev. is reduced in coinci- 
dence with the beta-particles of energies between 650 and 700 kev. This 
shows that one of the lines composing the 735 kev. peak should be in coinci- 
dence with either of the low energy beta-groups, 
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TABLE III 


Summary of gamma-gamma and beta-gamma coincidence results 





Gating Radiation Coincident Radiations 


248 kev. 


585 kev. 


735 kev. 


1003 kev. 


1285 kev. 


Remarks 





248, 585, 735, 875, 
1003 and 1285 
kev. 


123, 585 and ~ 770 
kev. 


123, 248 ~ 770 and 
980 kev. 


123, 248, 585 
= 770, 885 and 
1003 kev. 


123, 585 and+710 
kev. 


It should be noted that while the general 


distribution of pulse-height is same 
as in the case of single spectrum, 
the intensity of 1003 kev. peak appears 
to be comparatively reduced. This 
indicates the presence of some radia- 
tion close to 1003 kev. not in coinci- 
dence with 123 kev. gamma-rays. 


The presence of a 770 kev. radiation in 


coincidence with 735 kev. gamma-rays 
cannot be explained by the proposed 
decay scheme. It is, however, ex- 
pected that under the geometrical 
conditions (i.e., the two crystals facing 
each other and the source about 4” 
from either of them) the Compton 
scattered photons of 1003 kev. will 
give rise to coincidences in the region 
of 770 kev. Though a quantitative 
estimate of its intensity could not be 
made but taking into account the 
fact that in this situation the gating 
and the coincident radiations are of 
quite close energies, a peak-like ap- 
pearance near 770 kev. is not very 
surprising. 


KX-rays and 123 kev. This datum was used to calculate the 


K-conversion coefficient of 123 kev. 
gamma-ray. Taking into account 
the usual correction factors we find 
a, 0-5. 
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TasLe [1I—Contd. 





Gating Radiation Coincident Radiations Remarks 





B--particles of the 123, 248 ~ 770, The enhanced coincidences with 770 kev. 
energy (E)350< E 1000 and 1285 could be partly due to the presence 
< 400 kev. kev. of Eu? where 770 kev. gamma-rays 

are strongly in coincidence with a 
B--group of 710 kev. end-point energy. 


B--particles of the 123, 248 = 770 The intensity of the peak at ~ 770 kev. 
energy (E) 650 < E'' and 1000 kev. (note that this energy is slightly 
< 700 kev. higher than the energy of the 

peak in single gamma-spectrum) has 
considerably reduced as seen in com- 
parison with 1003 kev. This indi- 
cates that the gamma peak at 735 kev. 
must be a composite peak. Also it 
shows that one of these lines must be 
in coincidence with either of the beta- 
groups of end-point energy higher 
than 650 kev. while the other one 
must be coincident with either of the 
lower energy beta-groups. 





The K-conversion coefficient for the 123 kev. transition can be found 
out from the gamma-spectrum in coincidence with 1285 kev. photopeak 
(Fig. 6c) after correcting for the escape peaks and absorption in crystal 
window. If the K-fluorescence yield for Gd is 0-93 then a; can be calcu- 
lated to be ~0-5 from the measured Gd-Kx-ray and 123 kev. intensities in 
coincidence with 1285 kev. gamma-ray. The theoretical a; is 0-65 for a 
123 kev. pure E2 transition according to Sliv’s internal conversion table. 


Considering the errors in such measurements it is concluded that the agree- 
ment is fairly good. 


3. Decay SCHEME AND DISCUSSIONS 


On the basis of our experimental results a scheme (Fig. 8) is proposed 


for the decay of Eu’. Our scheme agrees well with that proposed by Cork 
et al.* and Juliano and Stephens.* 


The measured K/L ratio of ~1-6 and the experimentally determined 
K-conversion coefficient a, ~ 0-5 for the 123 kev. gamma-ray establish 
its character as E2, thus fixing the spin and parity of the first excited state 
at 123 kev. in Gd? as 2+. Sunyar™ observed that the level giving rise to this 
transition has half-life of 1-2 x 10-° second which is several times faster than 
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Fic. 5. (a) The gamma spectrum of Eu" in coincidence with 585 kev. gamma-ray. 
(6) The gamma spectrum of Eu" in coincidence with 735 kev. gamma-ray. 


the single particle estimate. Further, this level has also been found to be 
excited in Coulomb excitation experiments* on Gd", thus establishing the 
fact that this level arises due to collective rotational excitation of Gd. 
According to the unified nuclear model of Bohr and Mottelson the ground 
state rotational band of an even-even nucleus will have characters I = 0+, 
2+, 4*; and with energies proportional to I[(I+ 1). The expected ratio of 
second to first excited state energies is predicted to be 10:3. The levels at 
371 and 123 kev, conform very well to this prediction of the theory and hence 
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Fic. 6. (a) and (5) show the coincidences with 1003 kev. gamma-ray in the region of low 
and high energies respectively. 


(c) The X-rays and 123 kev gamma-ray in coincidence with 1285 kev. gamma-ray. 


they are believed to be the members of the ground state rotational band of 
Gd!™ having spins and parities 4* and 2* respectively and K = 0, where K 
is the intrinsic quantum number corresponding to the projection of the total 


angular momentum I of the nucleus on the nuclear symmetry axis, However, 
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since Gd" is at the very edge of the strong-coupling region, one expects to 
find deviations from the simple rotational equation 
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Fic. 7. The gamma-spectrum of Eu‘ in coincidence with beta particles having energies 
(a) between 350 and 400 kev. and (6) between 650 and 700 kev. 


From the 123 kev. state one can find the moment of inertia j and then 
calculate the energy of the 4* state to be 412 kev., this means about 11% 
larger value than the experimentally observed one of 371 kev. 


Other levels are proposed in Gd! at 998, 1130, 1408 and 1715 kev. 
strictly on the basis of energy-fit of the gamma-rays and beta-groups and also 
by the various beta-gamma and gamma-gamma_ coincidence _ studies 
(Table III). The spins and parities of these levels could not be assigned from 
our experimental results since the multipole orders of the de-exciting gamma- 
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rays could not be estimated. However, Juliano and Stephens* ascribed E 2 


character to the 998 kev. gamma-ray by estimating its K-conversion coefficient 
and hence fixed the character of the 998 kev. level as I = 2+. 















































This level 
Eau) 
3 - 
Sie ie Aa 
we 
3) 
os 
v 
V 
NIE 
A 
\ 
. w 
V dle 
fie 
4 398 
wes 
37 44,0 
in 
23 240 
| 
© o+0 
Gé 84 











Fic. 8. The proposed decay scheme of Eu™. 


decays to the ground state and the first excited state at 123 kev. by the emis- 
sion of 998 kev. and 875 kev. gamma-rays, whose intensity ratio is very close 
to what one would expect if the 998 kev. level has K = 2 according to the 


intensity rules as predicted theoretically by Alaga et al.® on the basis of the 
unified nuclear model. 


The level structure of Gd! (N = 90) is very similar to that of Sm/)*? 
(N = 90) as reached by the electron-capture decay of Eu? *. In Sm??, 
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the levels at 1090 and 1248 kev. have been identified as belonging to the 
gamma-vibrational mode (K = 2) having the spins and parities I = 2+, 3* 
respectively. It is most likely that the levels at 998 and 1130 kev. in Gd™ 
also have the same origin, i.e., they also belong to the gamma-vibrational 
mode (K = 2) with I = 2+ and 3+ respectively. These levels arise due to 
quadrupole vibrations of a spheroidal nucleus.’° 


No beta-transition to the ground state of Gd" has been observed. The 
log ft-value of 12-3 for the highest energy beta-group of 1860 kev. to the 2+ 
state at 123 kev. suggests that the parity of Eu'™ ground state is most likely 
odd, and hence has the character I = K = 3 and odd parity, the beta-transi- 
tion being of the type 4I = 1, yes, 4K = 3. The large log ft-value is clearly 
the influence of the strong K-forbiddenness, the hindrance factor due to the 
K-forbiddenness over that of a normal first forbidden transition is quite 
large. The second beta-group of 890 kev. end-point energy leading to the 
1130 kev. level (I = 3+, K = 2 according to Juliano and Stephens) has log 
ft = 10-9 and hence the beta-transition is probably of the type 4 I = 0, yes, 
4K=1. The transition is slowed down due to K-forbiddenness by more 
than an order of magnitude than a normal first-forbidden transition of the 
type 41 = 0, yes. The third beta-group of 590 kev. terminates at 1408 kev. 
level and has log ft = 10. No conclusion about the spins of 1408 kev. and 
1715 kev. levels could be drawn on the basis of the log ft-values of the ter- 
minating beta-transitions. 


The evidence for the presence of any electron-capture decay mode of 
Eu! to levels in Sm! is very meagre from our results. The first excited state 
in Sm" lies at 84 kev. which might be obtained by K-capture decay of Eu™.?. 
However, from the low-energy gamma-spectrum of the Eu! source for the 
present work one cannot conclude the existence of any 84 kev. gamma-ray. 


Our sincere thanks are due to Dr. B. V. Thosar for allowing us to work 
with the magnetic spectrometers. Our thanks are also due to Mr. Baldev 
Sahai and Mr. S. V. Godbole for helping us in the various stages of the 
experiment. 
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ABSTRACT 


The old workings for copper, two miles north of Yanambail were 
first brought to light by Prof. C. Mahadevan, during his work in the 
Hyderabad Geological Survey 1941-43. 

Self potential, Resistivity and Magnetic methods of geophysical 
investigations were carried out by the authors near the old workings in 
an area of about 100 acres covering the entire old workings their strike 
continuation and in their neighbourhood. Negative centres were obtained 
near the old workings indicating the possible presence of richly concentrated 
copper ore body from about 30 feet depth. Another group of Negative 
centres of high magnitude were also found at a distance of about 500 feet 
towards East of old workings along a run of quartz vein. They are possibly 
due to the presence of another parallel mineralised vein. 


INTRODUCTION 


YANAMBAIL is a small village on the left bank of Kinnerasani about 8 miles 
north of Paloncha in Khammam district (East longitude = 80° 40’ North 
latitude = 17° 41’). 


The old workings for copper, two miles North of Yanambail were 
brought to light first by Prof. C. Mahadevan during his regular survey work 
as an Officer of Hyderabad Geological Survey, in the year 1943, who 
mapped the area on a 1” = 2 miles scale. 


The formations consist here of alternate bands of phyllites, dolomitic 
marbles and quartzites with concordant intrusions of quartz veins, the junc- 
tion between the marbles quartzites, and phyllites is well defined. The 
phyllites are mostly salicitic and occasionally slightly carbonaceous. They 
strike near the old workings NNE-SSW and dip 70°-80° to the West, 
sometimes being almost vertical. 


* Written as Yellambailu in toposheet No. 65 C/N.E. 
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The old workings for copper are situated about | mile to the west of 
the hill range of Karagutta and are on level ground. They run in the strike 
direction over a length of 1000’ with a maximum width of 50’ and a maximum 
depth of 25’ from the general ground level. Chalcopyrite, malachite, and 
less frequently cuprite, and other copper ore minerals occur in profusion in 
the debris filling the old workings. Detailed prospecting by trenching was 
conducted by a party of teachers and M.Sc. students of the Departments of 
Geology, of Andhra University and Osmania University, in the months of 
May and June 1957. Simultaneously the teachers and students of Geo- 
physics Department, Andhra University, carried out detailed geophysical 
investigations in the old workings and vicinity. The results of geophysical 
investigations are recorded here. 


METHODS OF WorRK 


The basic principle of the geophysical methods is the measurement at 
surface, of the differences in physical properties of the subsurface geological 
bodies. Since the ore body near the old workings is chalcopyrite which is 
susceptible for oxidation, resulting in natural earth currents, intensive self- 
potential survey of the area was undertaken. To supplement the self-poten- 
tial work, resistivity and magnetic work was also done. 


When ore deposits get oxidised, natural earth currents are produced as 
a result of which the ground immediately above the ore body becomes an 
area of negative potential with respect to all distant points at the surface. 
The point of maximum negative potential in the area is known as the “ nega- 
tive centre’ and it is the location of these “ negative centres” which is the 
main objective when the self-potential method is used for prospecting purposes. 


For the purpose of the geophysical work a grid was laid down in the 
area with traverses ESE-WNW (i.e., N 113° E) perpendicular to the general 
strike direction of the formations there (vide Fig. 1). The distance bet- 
ween any two consecutive traverses was 100’ and on each traverse stations 
were fixed at 50’ interval marked by pegs. An arbitrary point about 500’ 
west of the old workings was taken as the base station and was denoted 
as 0/0 station and all the potentials were measured with respect to this point. 
The traverse passing through this point was called ‘0’ traverse and the 
traverses towards north of this line were denoted as | N, 2N, 3N, etc., 
which were at a perpendicular distance of 100’, 200’, 300’, etc., respectively 
from the ‘0’ traverse. Similarly traverses towards south were denoted as 
1S, 2S, 3S, etc. The stations on each traverse towards the east of the 


reference point were denoted as 1 E, 2E, 3 E, etc. A total number of 19 
A4 
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traverses were laid down and on every traverse reading at about 40 stations 
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Along these traverse lines Abney’s level measurements were taken at 
intervals of 50’ to get the profiles, and the geological information was also 
recorded. Geological sections were prepared from the data so that the 
geophysical data curves can be appreciated when superposed on the geo- 
logical sections (vide Figs. 2a to 2/). 
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Tinsley potentiometer and non-polarising electrodes were used to make 
self-potential measurements. Before starting the work all the non-polarising 
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electrodes were placed at the same place and the P.D. between any two was 
measured. The pair having the minimum P.D. was taken for that day’s 
work. One electrode was placed at the base station, the station with refer- 
ence to which the potentials of all the other stations were measured, and 
the other electrode was placed at a station whose potential was to be mea- 
sured and the potential difference was measured by means of the Tinsley 
potentiometer. Thus the potentials of all the stations with respect to the 
base station were measured. After the day’s work, the electrodes were left 
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standing in a dish of concentrated copper sulphate solution with their termi- 
nals interconnected with short lengths of wire to ensure that the electrodes 
will be in equilibrium when the survey is continued on the following 
morning. 


DISCUSSION OF THE RESULTS OF SELF-POTENTIAL SURVEY 


Self-potential readings were taken at about 660 stations. Self-potential 
profiles were drawn for all traverses (vide Figs. 2a to 2/), and an equi- 
Fotential line map was also prepared (vide Fig. 3), 











316 B. JANAKIRAMAIAH AND E., V. RAMANA 


» 
9 


TRAVERSE 35S. 


> 





MALIVOLTS 
2 Ld 
e838 


é 








v0 


STATION a 


TRAVERSE 4S. 





220 


$ 


MALIVOLTS 
* 


8 








1 CAH TT 


i fbeest 
25 30 35 406. 





° 
w 
6 

o 


stat ron eneeen s 


LEGEND: 


SAME AS IN FIG. 2(A) 
Fic. 2d 


A grid map (vide Fig. 1) on which points of maximum negative potential 
were marked on each traverse, was prepared. The outline of the old work- 
ings was also traced on this map. An examination of this figure shows that 
there are two distinct self-potential low areas. One of the areas is coinciding 
with the old workings, the maximum negative potential being 100 millivots 
at 2N/12 Estation. The other is along the flank of a high ground running 
approximately parallel to the old workings. The negative potential obtained 
here is comparatively high, the maximum negative potential being 200 milli- 
volts 8 S/18 E station, indicating the presence of a mineralised zone or the 
presence of a subsurface carbonaceous material. Unless some trial pits 
are excavated it is very difficult to say positively. If the higher negative 
potentials in the second area are due to a concealed mineralised zone then 
this zone also is likely to contain copper ore body. 
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RESISTIVITY WORK 


Resistivity readings were taken with geophysical Megger. Variable 
electrode separation method was carried out near the stations 2 N/12 E and 
8 S/18 E where the negative potentials are maximum. Both the curves (vide 
Figs. 4 a and 4 b) show that the resistivity decreases from the surface upto 
a depth of about 20 to 30 ft. and then gradually increases. The depth to the 
second layer at 2 N/12 E station is about 23 ft. and at 8 S/18 E is about 30 ft. 
Representative samples showing primary mineralisation by copper as well as 
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secondary alterations and enrichment were collected with a view to determine 
their resistivity in the laboratory and the work is under progress. 


MAGNETOMETRIC SURVEY OF THE AREA 


A Schmidt type vertical force variometer was employed in the area to 
investigate any variation in the vertical component of the earth’s magnetic 


field. Magnetically the area was found to be flat indicating no magnetic 
anomalies. 


CONCLUSION 


Geophysically the anomalies over the old workings indicate that the lode 
might be continuing still underneath. The higher anomalies that were ob- 
tained over the second zone may be indicative of another fruitful area. How- 
ever the geological evidence over the second zone is scant since much of the 
area is covered by spreads of broken vein quartz. In order to confirm the 


geophysical data it would be necessary to drill boreholes at suitable places, 
where indications are favourable to pick up the-lode if any at depth. This 
will incidentally indicate the advisability of the extension of boring in the 
second area of “negative centres”. If a lode of economic importance is 
met with, it is possible that it continues still southwards, 
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KapapiA! has studied the unit cell dimensions of p-azo-toluene. Its crystal 
structure has not been reported in literature so far. The present paper gives 
the complete structure by X-ray diffraction studies. 


Unit CELL AND SPACE-GROUP 


p-azo-toluene crystallises in the form of thin narrow flat plates, the longer 
dimension being parallel to the b-axis. Rotation and Weissenberg photo- 


graphs taken with the three crystallographic axes as axis of rotation gave the 
following cell data. 


a= 12-01 A; b=5:-02A; c = 9-32 A and B = 90° 12’. 


The number of molecules per unit cell is 2. From the systematic absent 
reflections the space-group was confirmed to be C,,5 — P 2,/a. 


INTENSITY MEASUREMENTS AND STRUCTURE DATA 


The structure amplitudes were obtained from Weissenberg photographs 
(Cu-K, radiation) using multiple film technique. The normal beam method 
was adopted for all photographs. The intensities were estimated visually 
by comparison with standard intensity spots. They were corrected for 
Lorentz, polarisation and temperature factors and later put on the absolute 
scale by the statistical method of Wilson. No absorption correction was 
made as the crystals used were very small. 


DETERMINATION OF THE STRUCTURE 


Since there are only two molecules per unit cell, each molecule must 
have a centre of symmetry. A Patterson projection using (0 /) reflections 
was made, but it failed to give any clear indication of the benzene ring. 
Hence the method of ‘trial and error’ was adopted. As a first attempt 
the N-N bond of the two planar benzene rings was assumed to lie in the 
same plane as the rings. Because the molecule has a centre of symmetry 
such an assumption leads to the conclusion that the two rings must be 
coplanar. Structure factors were calculated with this structure. It was 
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noticed that no amount of adjustment could bring an agreement between the 
observed and the calculated structure factor values. 











-% 














© - % 


Fic. 1. Final electron density projection of p-azo-toluene on (ac) plane. Contours at a1bi- 


trary intervals. 


A second series of trials was made with the two benzene rings attached 
by a central zig-zag bond, as in the case of dibenzyi. This gave structure 
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re factors which were in fairly close agreement with the observed values. A 
number of refinements were then carried out with this model. Table I gives 
the atomic co-ordinates. The reliability factor for the (A0/), (kk 0) and 
(0 k 1) reflections with these co-ordinates was 0-17, 0-18 and 0-16 respectively. 





























TABLE I 
Parameters 
Atom 
X Y Zz 

= N —0-010 0-035 0-069 

C, 0-044 0-208 0-203 

C. —0-025 0-434 0-279 

| C 0-005 0-593 0-381 

| C, 0-097 0-748 0-421 

C; 0-132 0-912 0-546 

Cc, 0-167 0-568 0-341 

C, 0-134 0-408 0-214 

TABLE II 

ser he te et te Ver het he Bs 
nee ve om | Bee on 8 206 -36 29 
400 +8 7 803 +3 2 one <i @ 
600 +40 36 Soe ee 1 6 0 6 2 2 
$00 +2: 7 | 404 +7 4 806 =-2 2% 
201 -29 28 | 60 4 0 1 1006 -30 28 
401 #£4+484 30 | $04 -=1 0 207 -4 6 
601 +9 1 | W004 -3 2 607 -20 16 
801 -6 MM | 205 +7 6 807 -16 18 
202 -s 2 | 405 -18 16 808 +20 20 
oor +h «6 | 605 -ll 0 1008 -19 17 
; 602 +17 2 | 805 -15 13 209 +15 17 
802 +7 «10 | 10065 +3 2 001 36 32 
20383 +3 3 | 205 -8 9 002 -26 30 
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TABLE IT (Contd.) 





h kil Fal. Fobs. hk Feal. Fops. #2 Feat. Fobs. 
ee we 8 406 +5 2 230 +9 18 
004 -8s QB 6 0 6 + 6 7 3 3 0 +16 9 
007 -18 WW 8 0 6 +10 10 430 +3 2 
009 +14 18 10 0 6 -2 2 | 5 3 0 +7 4 
0010 +15 21 207 +23 1 | 680 42 
201 +52 48 607 - 6 o | pee +4 3 
sot ew wp cor +6 &€ | @e0 «wz * 
eor -s 1 8 08 -12 10 340 + 6 5 
801 +8 10 10 0 8 +1 0 | 440 +5 3 
202 -12 4“ 209 -20 12 : ees +13 . 
402 +13 14 020 +12 9 e132 +28 40 
ees #86 3 040 +1312 013 +35 30 
802 +1 12 110 +25 18 014 -3 2 
203 -1 % 210 +22 26 015 +9 4 
603 +13 10 3.10 +5 7 01 6 - 8 3 
803 -17 15 410 - 5 8 er 2 +7 18 
204 -17 #14 5 1 0 -10 15 | ers -i 
404 -37 939 6 10 -ll 9 019 +6 10 
604 -16 16 710 “= * | @82 +3 2 
804 -65 8 8 10 - 4 2 | o23 -13 2% 
1004 ~-23 2 910 +11 8 0234 -16 2% 
205 -17 19 120 +6 3 02 5 +17 22 
4065 -5 3 220 +4 2 026 +19 12 
605 -15 9 3 2 0 +11 8 0 2 6 +8 10 
805 -23 2% 420 -5 13 031 +10 18 
10005 -13 16 5 20 -13 «18 041 +13 10 
wes -& 3 6 2 0 +18 12 

206 -8 8 1 3 0 +12 16 





In Table II the calculated and observed structure factor values are listed. 
Considering that the effect of hydrogen atoms was not taken into account, 
the agreement between the observed and calculated values is satisfactory. 
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DISCUSSION OF STRUCTURE 


The bond-lengths and bond-angles are given below:— 


C,-C, 1-42A N -N-C, 134° 30’ — 
Cu 1-41 Ci 121° 15’ 
cA 1-39 C0 122° 20’ 
C,-C; 1-47 C,-C,-C, 115° 20’ 
C,-C, 1-39 C,-C,-C, 119° 28’ 
Cat 1-41 Cte, 121° 14’ 
Cas 1-40 C4 122° 5’ 
C,-N 1-49 Cot 4; 121° 30’ 
N-N 1-27 (error in bond angles + 2°) 


(error in bond lengths + -04) 


In the benzene ring the bond-length C-—C average is 1-40, agreeing well 
with the value 1-41 A observed by Robertson in the case of similar ring com- 
pounds. The length of the bond N-N = 1-27 is slightly greater than the 
value 1-23 given by Lange.2 The angle N-N-C is 134° 30’. The planar 
benzene ring makes an angle of 42° 34’ with the (ac) planes. The plane of the 
ring is further tilted in the crystal, the tilt being nearly 10°. The bond-length 
between the methyl group carbon and the benzene carbon is 1-47 A which 
is less than the usual value 1-51 reported in literature. 


The nearest distance between the two molecules in the crystal is about 
3-92 A. 


SUMMARY 


The crystal structure of p-azo-toluene has been determined by single 
crystal methods. The unit cell is monoclinic with a = 12-01 A, b = 5-02 A, 
c= 9-32 A, 8B = 90°12’. The space-group is P 2,/a — C,,° and there are 
two molecules per unit cell. 


Atomic positions were determined by electron density projections making 
use of ‘ trial and error’ methods. Structure factors were obtained from visu- 


ally estimated intensities on Weissenberg photographs taken with CuK, 
radiation. 


The planar benzene rings are attached by zig-zag C-N = N-C bond 


with the bond distance -N = N- = 1-:27A and the angle N = N-C 134° 
AB 
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30’. The plane of the benzene ring makes an angle with the (ac) plane, its 
orientation is obtained by rotating it about the N-C bond by 10°. The 
nearest distance between two molecules in the crystal is 3-92 A. 


REFERENCES 
1. Kapadia .. Jour. Bombay Univ., 1938, 7, 2. 
2. Lange, Woodward and Proc. Roy. Soc., 1939, 171A, 387. 
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MorGAN (1926) has reported that the metallic acetylacetonates exhibit some 
peculiar properties. For instance, the metallic atom no longer shows ionic 
properties which are used for its detection in chemical analysis. To account 
for this, he assumed that (C;H,O,) radical is a chelate group. With the 
metal atom it has plane configuration for the ring system. The stability of 
the metallic acetylacetonate is ascribed to the symmetrical arrangement 
of three chelate groups round the metallic atom which corresponds to the 
arrangement of octohedral co-ordination of six oxygen atoms around the 
central atom. Astbury (1926) has made a preliminary study of these ter- 
valent metal acetylacetonates. So far no detailed structure work of cobaltic 
acetylacetonate has been reported in literature. The present paper reports 
the complete structure analysis by X-ray diffraction. 


EXPERIMENTAL 


The crystals were prepared by the method described by Barbierri (1928). 
The unit cell dimensions as determined from rotation and Weissenberg photo- 
graphs are a= 14-16, b=7:48, c= 16-43A and B= 98°41’. These 
values are in good agreement with those reported by Astbury. Taking the 
density to be 1-43, the number of molecules per unit cell is 4. There were 
no systematic absences in the Aki reflections; the list of reflecting planes 
reveals that (0k 0) is absent when k is odd and (h0/) when / is odd. The space- 
group is therefore C,,° — P2,/c. Using the multiple film technique, the zero 
layer Weissenberg photographs were taken on suitable crystal specimens 
rotating about the three axes using Cu-Ka radiation. The intensities of the 
reflections were estimated visually and corrected in the usual way for the 
Lorentz and polarisation factors. Using Wilson’s method, the intensities 
were put on an absolute scale, which were later further corrected by compari- 
son with the calculated values. This Wilson’s method also gave a factor 
B= 2-4A? for temperature correction. The crystals used were about 
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‘015 mm. thickness and the correction for absorption was made following 
Bradley (1940). 


DETERMINATION OF THE STRUCTURE 


As there are four cobalt atoms in the unit cell, it was considered desirable 
to study Patterson projections to locate these heavy atoms. Using relative 
values of F?, Patterson projections on (ac) and (bc) planes were made. These 
projections gave the following parameters for the cobalt atom of a single 
molecule, 


x = 0-26; y=0-16; z= 0-24. 


The projections did not clearly indicate the Co-O position. With these para- 
meters a trial electron density projection on (ac) plane was made by using 
the signs obtained from the ‘heavy atom’. The first projection clearly 
indicated the positions of three oxygen atoms and ten carbon atoms. Follow- 
ing the suggestion of Morgan that the acetylacetone radical is a planar ring 
configuration, a series of refinements were made. Figure 1 shows the electron 


-__ 





0 Sl} 








Fic. 1. Electron density projection of Co(C;H,O,), on (ac) plane, showing one molecule. 
Contour scale arbitrary. 
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density map on (ac) plane, the reliability factor being 0-18 for all reflections. 
Similarly the projection on (ab) plane was worked out. Table I gives the 
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TABLE I 
hk i Fobs. = Fai. Aki Feat. = Fobs. kRki Fops. Feat. 
100 -—-42 38 | 202 -9 16 ‘es |. ef 6 
200 -15 103 | 104 +8 2 90 8 -20 16 
300 +38 36 204 -66 80 2010 +24 18 
400 -50 56 304 +24 32 30 10 +32 26 
500 - 8 5 404 +656 48 4010 +4 3 
600 —-2 32 504 +8 8 5 0 10 =—-20 25 
700 +20 2% 604 —44 40 6 0 10 +36 27 
$00 -18 2 | 704 -12 6 7010 -% 34 
900 -16 2 8 0 4 54 56 10 2 +46 40 
1000 -—-10 8 904 44 40 ;e¢ 8s 8 & 
1100 +24 2 1004 +48 46 30 2 +96 81 
12200 +12 16 1204 +42 48 40 2 -16 2 
002 133 102 106 -—-4 6 5 0 2 +28 37 
004 -—- 6 5 206 #£«+60 48 60 2 +21 36 
006 +236 26 406 --28 26 70 2 +30 34 
008 +20 18 506 —20 30 $02 +4 186 
0010 -15 16 606 +36 48 90 2 +32 16 
102 +22 % 806 20 30 Io 0 2 +8 2 
202 +53 456 10 06 +42 32 ll 0 2 —6 3 
302 +88 80 11 0 6 +12 15 1202 <2 8 
402 --61 64 1206 -—20 16 104 -% 29 
502 + 4 0 108 +28 25 204 +8 10 
602 -—-12 16 208s ~-24 18 30 4 +16 18 
702 —-22% 16 308 -52 64 40 4 +420 16 
802 +20 24 408 -—36 28 50 4 =—40 45 
902 + 8 3 508 +16 + 60 4 +15 8 
1002 +32 32 608s -l2 16 70 4 +60 43 
1102 —-12 = 10 708 —16 4 | $0 4 +24 30 
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TABLE I (Contd.) 












































Aki Faal. Fobs. Akl Feal, Fobs. Aki Feat. Fos. 
904 -58 38 020 44 35 042 +24 20 
104 -16 13 040 23 19 043 =—20 18 
2e@4 -8 3 | 011 -19 29 044 -16 14 
106 +28 26% | 012 16 14 045 +15 13 
206 -8 2 | 013 +350 238 | O46 +82 6 
306 -% 18 | 014 =-10 7 | 110 £-12 10 
406 -2 27 015 #—22 18 210 -13 8 
506 +20 28 017 +9 3 | 310 = +97 49 
606 --4 2 018 # +41 3 | 410 +4 7 
806 -36 19 019 +9 7 | 510 — 12 
106 -2 3 o21 -91 2 | 610 48 7 
4s 44 “+ | ees +1 | ¢t* 2 = 
206 +4 2 | es 3 += 13 220 #£+430 27 
108 --2 2% | O24 47 7 3 20 #£+60 53 
208 0 2 | 025 412 ll 420 -16 14 
308 +32 27 026 +11 10 520 —-m 22 
408 +20 16 |; O27 +21 19 620 +18 16 
ioe «< w | o28 -4 12 130 -8 7 
€os +6 2 | 029 —2%5 22 230 +32 30 
708 +8 n | 033 +4 4 330 -8 7 
808 +12 8 | o3e2 +8 7 it ae 43 
908 +12 7 | 033 +13 ec | 880 «-¢@ 8 
2010 -16 13 | a2 wa 3 | 48 -e% 3 
3010 -8 7 035 +327 22 | 240 +20 16 
4010 -16 15 ‘ss - © 8S | 648 —< & 
5010 +13 15 037 +4 31 | 440 -% 61 
6010 +12 9 038 —™% 19 | 
7010 +2 40 041 +8 7 | 

observed and calculated structure factors. The atomic scattering factor 

for carbon, oxygen and cobalt was taken from Bragg (1933), the ‘ f’ factor 
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for cobalt was duly corrected for dispersion of the electrons in the K-shell, 
(James, 1948) since copper radiation was used. 
DESCRIPTION OF THE STRUCTURE 


The atomic co-ordinates of cobalt, oxygen and carbon atoms are given 
in Table II and the corresponding bond lengths in Table III (the probable 

















TABLE II 
Atomic parameters 
X/a Y/b Z/c 

Co 0-272 0-168 0-234 

O; 0-331 0-051 0-145 

O, 0-202 0-276 0-140 

O; 0-167 0-052 0-270 

O, 0-204 0-281 0-332 

O; 0-332 0-064 0-335 

O, 0-374 0-323 0-221 

C, 0-373 —0-012 0-051 

C, 0-314 0-143 0-080 

om 0-262 0-272 0-052 

Cc, 0-210 0-369 0-084 

C, 0-163 0-522 0-053 

Cz 0-116 0-402 0-452 

olf 0-133 0-252 0-390 

C, 0-082 0-163 0-364 

Cy 0-102 0-030 0-312 

Cre 0-043 —0-124 0-292 

Cu 0-432 —0-030 0-421 

Ci: 0-392 0-146 0-381 

Crs 0-456 0-234 0-330 

Cu 0-426 0-380 0-286 

Cs 0-483 0-521 0-236 

TABLE III 
Bond distances (Mean values) Bond angles 
Co-O 1-91 C,C,C, 122° 10’ 
0,C.C; 120°20’ 

O-C 1-26 C.C,C, 130°32’ 
Ct. 1-51 
C.-C, 1-32 0,CoO, 88°22’ 


Co0,C; 134°55’ 
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error in bond lengths is of the order of + 0-05). The location of atomic 
positions were carried out by the Booth’s method. As in the case of ferric 
acetylacetonate (Roof, 1956) the six oxygen atoms form an octohedral con- 
figuration round the central atom. The Co-O distance is 1-91 as against 
1-95 reported for Fe-O in ferric acetylacetonate. This is less than the ionic 
distance of 2-05 A indicating thereby the stability of the molecule. Within 
experimental error the acetylacetonate radical is planar, the deviation of an 
atom from the plane passing through cobalt atom and the seven atoms of the 
organic radical is + 0-02 which is less than probable error in atomic co- 
ordinates + 0-03 (Roof’s method was used to assess accuracy). 


The unit cell contains 84 hydrogen atoms which have not been taken into 
consideration. It is quite likely that the agreement index (0-18) may alter 
considerably while those hydrogen atoms and anisotropic temperature factor 
are introduced. Work in this direction is in progress and the results will be 
published later. 


SUMMARY 


The crystal structure of cobaltic acetylacetonate has been determined 
by X-ray diffraction. The crystals are monoclinic with a = 14-76, b = 7-48, 
c = 16-43 and B = 98°41’. The unit cell contains four molecules and the 
space-group is C,,°— P2,/c. The structure was deduced from Patterson 
and Fourier projections. The approximate atomic co-ordinates were refined 
till the R factor reduced to 0-18. Three acetylacetonate radicals surround 
the central metal atom with the oxygens in octahedral co-ordination. 
The three radicals have a planar configuration. The Co-O distance is less 
than the normal ionic distance and explains the stability of the molecule. 
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